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Ihe  project  research  activities  concentrated  on  three  nain  aspects: 

(1)  Literature  survey  oi'  published  Mork  on  the  experimontal  and  theoretical 
aspects  of  fracture  of  brittle  materials  tinder  coiapressian  and  the  R-cuxve 
behaviour  of  ceramics. 


(2)  The  developnent  of  techniques  for  in-situ  dynamic  observation  of 
fracture  in  ceramics.  The  emphasis  of  this  part  of  the  work  was  on  the 
investigation  of  the  fracture  micromechanics  of  ceramics  and  in  jjarticular  the 
influence  of  microstructural  parameters  on  the  shape  of  the  R-curve  of 
96%  AI2O2  and  the  determination  of  the  physical  mechanisms  responsible  for  the 
R-curve  behaviour  in  non-transforming  ceramics.  The  direct  observation  of  the 
wake  processes  taking  place  betwecoi  the  crack  faces  during  crac^  propagation, 
showed  conclusively  that  R-curve  b^iaviour,  at  least  in  this  material.,  is  due 
to  very  extensive  grain  bridging  behind  the  crack  tip.  By  considering  the 
Clergy  dissipation  characteristics  of  various  possible  bridging  mechanisms,  it 
was  shown  tliat  the  major  contribution  to  the  stress  intensity  iix^rease 
observed  appears  to  be  due  to  wedged  grains  expending  energy  against  friction 
as  the  crack  feces  separate.  It  was  also  shown  that  the  ccaitributicm  of  the 
elastic  bending  of  bridging  ligaments  created  by  crack-bifurcation,  to  the 
energy  dissipation  is  very  small. 


(3)  The  investigation  of  the  fracture  and  damage  micromechanics  of  CaSO^  as 
a  model  ceramic  materieUL  with  the  aim  of  elucidating  the  micromechanics  of 
compressive  fracture  in  brittle  materiails.  To  this  «id,  the  properties  of 
Plaster  of  l^is  sptKsimens  were  extensively  investigated,  and  the  failure 
initiation  axxi  final  failure  surfaces  have  been  constructed  and  compared  with 
the  predictions  of  mw  theoretical  models.  The  micromechanics  of  fractuire  have 
been  investigated  with  the  aid  of  in-situ  SEM  investigations. 
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INTRODUCTION 

Tbe  fracture  and  failure  characteristics  of  ceramics  under  tensile  stresses 
have  been  studied  extensively  in  the  past.  A  large  body  of  work  exists  which 
atteapts  to  relate  the  bulk  fracture  properties  of  ceramics  sixdi  as  fracture 
toutfuiess»  crack  propagation  resistance,  delasred  fracture,  etc,  to  their 
microatructural  parameters  such  as  grain  size,  grain  contiguity,  defect  size, 
microcrack  size  and  distribution  and  residual  stresses  (e.g.  [1-17]). 

During  the  past  two  decades  a  number  of  important  phenomena  relating  to  the 
fracture  of  ceramics  have  been  observed  and  are  being  studied  with  the  sdm  of 
understanding  the  physical  processes  of  fracture  of  brittle  materials  and 
their  Influence  on  fracttire  toughness.  Examples  are: 

(1)  The  R-curve  behaviour  of  non-transforming  ceramics,  in  particular  that 
of  AI2O2  [12,13,18-34].  A  physical  undt;.. standing  of  the  observed  increase  in 
fracture  toughness  with  increasing  crack  length  will  i>rovide  critical  insight 
into  the  microstructural  aspects  of  strength  and  criticEd.  flaw  management.  The 
incorporation  of  this  knowledge  into  meuiufacturing  processes  will  no  doubt  aid 
the  attempts  at  improving  the  flaw  tolerance  of  ceramics.  The  present  woik  has 
attempted  to  address  this  question  by  direct  observation  of  the  fracture 
process  in  an  SEM. 

(2)  The  various  toughening  mechanisms  which  exist  in  some  ceramic  materials 
such  as  microcracking,  phase  transformation  auxi  crack-tip  plasticity.  These 
have  been  investigated  extensively  (e.g.  [1,2,4,7,18,22,35-39]  and  a  great 
deal  of  progress  has  been  achieved  in  understanding  the  various  physical 
processes  involved  and  their  incorporation  into  manufactxjrlng  processes. 

(3)  Delayed  fzacture  in  some  ceramic  systems,  most  notably  the  alumina 

system  [e.g.  1,2,4,40-44].  This  has  been  shown  to  be  related  to  subcritical 

crack  growth  during  which  the  crack  grows  at  crack  tip  stress  intensity 
values,  Kj,  significantly  lower  than  the  critical  stress  intensity 
(fracture  toughness)  of  the  material.  Understanding  the  physical  mechanisms 
vndcrlying  this  phoiomaion  will  aid  in  the  explanation  of  a  number  of 
time-dependmt  fractiore  effects  that  have  been  observed  in  ceramics. 
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The  successful  explanation  of  various  fracture  phenomena  and  processes  such 
as  these,  require  an  in-^ptli  understanding  of  the  dynamic  development  and 
propagation  of  cracks  uider  load.  To  this  end,  part  of  the  present  study  deals 
with  the  direct  observation  of  crack  initiation  and  propagation  in  a  scanning 
electron  microscope.  The  expariments  involve  the  controlled  loading  of  ceramic 
speclmms  during  SEM  observation  on  instmnented  rigs  specifically  designed 
for  particular  loading  conditions.  Each  experiment  can  be  recorded  on  video 
tape  and  important  parameters  can  be  measured  directly  or  calculated 
subsequmitly  such  as  crack  tip  opening  displacement,  crack  length,  crack  path 
characteristics,  crack  velocity,  defect  size  and  crack-defect  interactions, 
microcrack  initiation  and  interaction.  Since  the  rigs  are  instrumented  with 
calibrated  load  cells,  the  stress-strain  chcuacterlstics  of  the  specimen  and 
the  influence  of  the  fractmie  processes  an  them  can  be  calculated  directly  as 
well  as  the  crack  tip  stress  intensity  during  the  fracture  process. 

Whereas  the  great  majority  of  fracture  investigations  of  ceramics  have  dealt 
with  fractiire  under  tensile  stresses,  relatively  little  has  been  reported  on 
the  compressive  fracture  characteristics  of  ceramic  [84-90],  although  the 
compressive  failvire  of  brittle  materieds  in  general  has  been  dealt  with  in  the 
past  e.g.  [61-65,  72-80].  Unlike  tensile  fractxne,  where  a  single  most  severe 
flaw  initiates  a  crack  which  propagates  unstably  to  cause  complete  failure, 
compressive  fracture  is  a  stable  process,  i.e.  oiergy  input  is  required  to 
propagate  the  crack(s).  Only  two  attempts  at  modelling  compressive  fracture  of 
brittle  materials  can  be  found  in  the  literature:  a  phenomenological  model 
mainly  due  to  Costin  [69-71]  and  the  physical  model  of  Ashby  and  co-workers 
[66-68].  The  direct  observation  of  the  fracture  processes  that  take  place 
during  compression  of  brittle  materials  will  aid  greatly  the  understanding  of 
their  compressive  failure  characteristics.  This  has  been  initiated  in  the 
present  work  using  both  model  ceramic  materials  and  stcuidard  structural 
ceramics. 

The  research  carried  out  during  the  first  year  of  tho  work  has  concentrated, 
on  three  main  aspects: 


(1)  Literature  survey  of,  (a):  crack  path  analysis  during  tensile  fracture 
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of  ceramics  and  speoiflcslly  of  R-ciirve  behaviour  of  Al20^  based  ceramics  and 
(b):  theoretical  and  experlmoital  developnimta  In  the  field  of  the  compressive 
fracture  of  brittle  materials  and  specifically  ceramics,  with  emphasis  on  the 
microsiechanics  of  compressive  fractxire. 

(2)  In-situ  investigations  of  fractvire  processes  in  ^2^3  their 
R-curve  b^iaviour.  Tbe  existing  in-si tu  SEti  facilities  of  the  Materials  Group 
were  extensively  modified  and  new  rigs  were  designed  and  built  in  order  to 
carry  out  Double  Torsion  (DT)  and  Double  Cantilever  Beam  (DCB)  slow  fracture 
experiments  on  ceramic  speclmmis.  The  in-si  tu  faciJitles  have  enabled  accurate 
measurements  of  the  crack  length  and  high  magnification  studies  of  the  crack 
path  and  the  physical  processes  tdiich  give  rise  to  the  "closure  stress" 
between  the  crack  faces  during  fractxjre  have  been  identified.  By  considering 
the  m^rgetics  of  each  of  the  possible  processes,  it  was  possible  to  determine 
the  most  likely  sources  of  the  energy  dissipation  observed. 

(3)  Modelling  of  coinpressive  fractxire  of  ceraffli.cs  using  CaSO^  as  a  model 
brittle  material.  CaSO^  was  chosen  due  to  its  inherent  high  degree  of 
brittleness  combined  with  its  ease  of  manufacture  and  the  possibility  of 
incorporating  flaws  of  known  distribution.  Extensive  characterization  was 
carried  out:  the  processing  parameters  and  environmental  effects  were 
investigated  in  detail  to  ensure  reproducibiJi ity  of  properties,  and  the 
mechanical  and  elastic  properties  of  the  materials  were  measured  to  ascertain 
the  structure-property  relationships.  The  main  body  of  this  part  of  the  work 
involved  the  measurem^t  of  the  compressive  properties  of  the  material  such  as 
Young’s  modulus  in  compression,  the  uniaxial,  hydrostatic  and  axisyimtetric 
compressive  strength  and  the  id«itification  of  the  fracture  processes  during 
compression.  The  resiilts  have  been  compared  with  predictions  of  the  damage 
mechanics  models  that  have  been  developed  recently  for  brittle  materials 
[66-68,82]  and  a  new  model  has  been  proposed  for  fracture  initiation  of 
brittle  materials  containing  spherical  flaws  urxier  hydrostatic  compression. 
The  investigations  of  the  fracture  mechanisms  during  conipression  were  carried 
out  by  in-situ  SIM. 


The  muln  enphaels  of  the  work  planned  for  the  fut\;ire  is  on  the  coaqpletlon  of 
the  above  tasks  and  on  investigations  of  fracture  and  damage  mechanics  of 
ceramics  under  compression.  To  that  end  extensive  preparatory  work  has  been 
carried  out  in  designing  and  building  equipment  for  in-situ  SEM  uniaxial 
compression  investigations  as  well  as  for  hydrostatic  and  axisymaetric 
compression  experiments. 
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PART  1 :  DIRECT  OBSHZVATION  OP  FRACIURB  IN  CEI^AMICS  AND  THEIR  R-CURVB 

BEHAVICUR. 

1,1  Review  of  R-ourve  behaviour  of  non-transforming  ceramics 

The  term  R-curve  refers  to  the  inoreaae  of  the  fracture  surfaoa  mergyt  R| 
of  a  material,  with  increasing  crack  length  i.e.  the  remiatanoe  to  crack 
propagation  of  the  material  aiqparently  inoreaaes  with  Incxeaslng  crack  length. 
The  equilibrium  ccxvUtion  is  usually  obtained  by  equating  R  to  the  mechanical 
energy  release  rate  0,  deri'’,ed  from  the  vrork  done  by  the  applied  loading 
during  crack  extension. 'Ihis  phenomenon  has  been  predominantly  studied  in  the 
case  of  relatively  ductile  materials  such  as  metals  and  fiber^reinforced 
cooposities  (see  e.g.  [3Ui  but  a  number  of  investigations  during  the  past 
decade  [12-39]  have  shown  that  an  equivalent  increase  in  crack  propagation 
resistance  with  increasing  cradc  length  is  displayed  by  ceramic  materials, 
especially  ceramics  that  can  undergo  toughnesa-^ihancing  martensitic 
transformations  during  fracturing,  such  as  Partially  Stabilized  Zlrconia,  as 
well  as  non-tiYinsforming  polycrystalline  ceramics  such  as  the  Alianina  system. 

Whereas  the  toughening  phenoucfncsi  observed  in  vhe  transformation  toughening 
ceramics  has  beei  partly  explained  by  considering  the  energy  dissipation  in 
the  transformatiei  process,  the  observations  reported  on  the  fracture 
resistance  characteristics  of  non- transformable  ceramics  have  not  been 
successfully  explained  as  yet. 

The  first  systematic  ob8ervati<»s  of  R-curve  behaviour  in  non-transforming 
ceramics  were  reported  in  1977  by  Hubner  and  Jillek  [19]  who  were  studying 
sub-critical  crack  growth  in  pure  Al20^  samples  by  4-point  bending.  They  found 
that  the  stress  intensity  factor  per  unit  crack  wetension  increases 
considerably  with  increasing  cradc  ext«mion.  They  related  the  observed 
increase  in  fracture  resistance  with  the  equivaloit  phenomenon  found  in  other 
materials  and  explained  their  observations  by  assuming  multiple  crack 
formation  aixi  interference  of  the  fractvire  surfaces  due  to  the  angular 
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developmant  of  the  oredc  front.  A  fen  years  later,  a  miaber  of  workers  [12>15] 
foisid  indirect  evidanoe  for  the  phenoamion.  Evans  and  oo-workers  [20-22] 
att«q)ted  to  explain  the  toughness  increase  oboerved  by  considering  the 
dissipation  of  energy  during  the  nuoleation  and  growth  of  msserous  odorooracka 
around  the  propagating  crack  tip  as  well  as  the  effect  of  a  ’’proceas-sBone 
wake”  b^ind  the  crack  tip  due  to  the  associated  stress/strain  hysteresis. 

In  1982,  IQiehans  and  co-*4orkera  [23,24]  studied  the  R*Kmrve  behaviour 
exhibited  by  pre-notched  pure  i»lycrystalline  aluaina  specijuans  loaded  in 
3-point  bending.  They  investigated  the  influence  of  notch  depth,  apeciisen 
geosntry,  mean  grain  size  and  deforaation  rate  on  the  behaviour  of  the  crack 
resistance.  They  reported  that  R  increased  up  to  a  factor  of  4  within  one 
specimen  and  that  no  unique  R-ourve  exists  for  that  materiail.  Furthermore, 
they  found  that  the  slope  of  the  R-ourve  wa'«  significantly  affected  by  notch 
depth  and  they  conclvided  that  this  "notch-depth"  memory  of  the  crack  cannot  be 
explained  in  terms  of  any  ^sergy  dissipation  mechanisms  in  front  or  around  the 
crack  tip.  By  cutting  away  material  behind  the  crack  tip,  they  showed 
conclusively  that  the  phenomenon  observed  must  be  due  to  events  oocuring 
behind  the  crack  tip  over  a  distance  of  the  order  of  millimetres.  As  possible 
explanations  for  the  increase  in  crack  resistance  [but  not  of  the  notch-depth 
effect)  they  suggested  that  ccmaideration  should  be  given  to  friction  of 
serrated  crack  walls  or  the  presence  of  microcracks  in  the  volume  close  to  the 
crack  walls. 

In  1985,  Ckx3k  and  co-woxkers  [25]  carried  out  a  systematic  investigation  of 
the  inert  strength  characteristics  of  ceramics  (concentrating  on  aluninas)  as 
a  function  of  indentation  crack  size  relative  to  grain  size.  On  progressively 
decreasing  the  indentation  load,  the  strengths  (measured  under  both  biaxial 
and  uniaxial  bending  conditions)  first  showed  a  steady  increase,  but 
subsequently  taxied  to  a  plateau,  as  the  contact  size  began  to  approach  the 
characteristic  grain  size.  By  postulating  the  existence  of  a  "micros tructural 
driving  force",  they  analysed  the  data  in  terms  of  an  apparait  R-curve 
function  using  a  simple  extension  of  conventional  indentation  fracture 
mechanics  theory  incorporating  residual  contact  stresses.  They  found  that,  for 
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large  flaws,  the  strmgths  tt»d  to  an  Ideal  -1/3  power  law  dependence  on 
indentation  load,  which  suggested  a  constant  toughness.  At  snail  crack  sizes 
however,  the  strengths  decrease  mazicedly  and  tend  to  a  load-indepttxient 
plateau.  Their  stixiy  emphasized  the  need  for  more  information  into  the 
underlying  physical  processes  actually  responsible  for  the  microstruotural 
driving  forces  (especially  at  the  weak  grain  boundaries  which  are  responsible 
for  the  intergranular  fracture  mode  observed) .  Their  analysis  cautions  against 
the  indiscriminate  extrapolation  of  strength  data  obtained  by  large 
crack-length  techniques  to  the  microcrack  regime. 

Swain  [26]  has  reported  on  the  extent  of  the  R-curve  behaviour  by  using  a 
Double  Cantilever  Beam  method  to  measure  the  stress  intensity  factor  of  pure 
Al„0,  specimens  of  the  same  batch  as  that  used  b^'  Steinbrech  et  al  [24].  The 
use  of  DCB  specimens  enabled  the  measurement  of  the  R-ourve  behaviour  over  a 
longer  crack  length  than  previously  reported.  He  found  that  the  "wake  zone" 
over  which  crack  bridging  ooctirs  for  this  material  extends  up  to  Snm  behind 
the  crack  tip  as  shown  in  fig.  1.1.,  i.e.  the  stress  intensity  factor  was 
observed  to  increase  to  a  steady-state  value  (the  fracture  toughness)  over  a 
distance  of  approximately  8  mm.  As  a  possible  explanation  for  the  phenomenon 
he  proposed  that  the  crack  bridging  is  due  to  coopressional  thermal-expansion 
anisotropy  stresses  exhibited  by  larger  than  average  grains  intersected  by  the 
propagating  crack.  This  of-course  cannot  explain  the  notch-depth  effect  or 
some  of  the  other  observations  reported. 

In  1987,  Swanson  and  co-workers  [27]  reported  the  results  of  optical 
microscopic  examinations  of  the  crack  paths  in  coarse-grained  alxjnina 
specimens  loaded  under  tapered  cantilever  beam  and  iixiented  flexure 
oonditions.  They  found  that  the  fractures  were  highly  stable  (indicative  of 
strong  R-curve  behaviour)  but  discontinuous  at  the  microetnctural  level  due 
to  grain-localized  bridging  across  the  newly  formed  crack  interface.  They 
suggested  the  existence  of  "activity  sites"  along  the  crack  with  a  spacing  of 
2  to  5  grain  diameters  consisting  of  overlapping  segments  around  bridging 
grains.  They  theorised  that  these  segments  link-up  with  the  primary  crack 
b«ieath  the  specimen  surface  and  continue  to  evolve  toward  rupture  of  the 
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Fig.l.l.R-curve  behaviotur  of  coarse-grained  AD96  alunina  as  repoxi^ed  by  Sv«ain 
[26].  The  hatched  region  la  the  steady-state  value  for  stable 

extension  of  large  cracks,  (x)  1st  notch,  a^  »  lO.Snm,  (•)  2nd  notch, 

a^  a  ISna. 
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bridge  as  f ractijre  proceeds  ( the  same  pfaysical  process  has  also  been 
conclusively  identified  in  the  present  work,  see  later).  By  carrying  out 
post-fracture  scanning  electric  microscopy  they  found  that  interface-adjacent 
raicrofracture  and  frictional  tractions  were  important  aspects  of  the  bridging 
process.  They  were  unable  to  find  evidence  for  frontal-zone  microcracking  and 
crack-tip/intemal-s  tress  interaction  which,  as  mentioned,  have  been 
postiilated  as  possible  sources  for  the  energy  dissipaticxi. 

Following  on  from  that  work,  Mai  and  Lawn  [28],  developed  a  fracture 
mechanics  model  to  explain  their  observations.  They  treated  the  increased 
crack  resistance  as  the  cumulative  effect  of  grain-bridging  restraints 
operating  behind  the  crack  tip  and  used  a  discrete  distribution  fvmction  for 
the  crack-plane  restraining  stresses.  They  assumed  that  a  goieral  expression 
for  the  net  stress  intensity  factor  for  a  crack  in  equilibrium  is: 

KxK+^K.  »T  1.1a 

a  /  1  o 

or:  K  =  T  X  ^  K.  1.1b 

a  ®  Z  1 

vAiere: 

is  the  contribution  from  the  applied  loading, 
represent  contributions  from  the  discrete  internal  forces  acting  on 
the  crack, 

is  the  intrins'  ;  material  toughness  {i.e.  the  effective  for  bulk 

cleavage  or  gxain  boundary  fracture)  independent  of  crack  size,  and 
T  X  T(c)  the  effective  toughness  function  which  has  replaced  the 
traditional  R. 

By  considering  the  stability  criterion  for  a  propagating  crack  under  these 
conditions  and  asstining  that  the  functions  au:*e  positive  decreasirtg 
functions  of  tlie  ci'ack  size,  they  used  the  Green's  function  solution  for  line 
cracks  to  represent  the  microstructure  associated  stress  intensity  factor 
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along  the  crack  as: 


K  »  0  (d*>c)  l*'2a 

fjt  'o' 


-(»/ir)c» 

I  p(x)/(c*-x*)*'*  dx 

Jd 

1.2b 

r  ° 

p(x)/(c‘-x*)"'‘  dx 

(Oc*) 

1.2c 

d^+c-c 

where:  c  >  the  distance  from  the  mouth  to  the  front  of  the  crack, 
d  •  mean  separation  betweoi  ’’closure  force  centres”, 

a  distance  to  the  first  bridge  from  the  spedmen  edge, 

^  s  crac^  geometry  tem  ■  n*  **  for  sharp  line  cracks, 

p(x)  a  approximate  continuous  closure  stress  function  replacing  the 

discrete  force  functicm  due  to  the  bridges  p(x)  and  a  p(x)/d^,  and 

o’** -d^  a  extent  of  the  bridging  region. 

Since  the  function  p(x)  is  unknown,  they  replaced  it  by  p(u(x))  where  u  is  the 
crack  opening  displacemen':  and  used  the  far~field  solution  for  a  slit-like 
crack  in  equilibrium  (K  a  T^); 

u(x,c)  a  (,^^/itE)(c-x)*/»  1.3 

where  E  is  the  Young’s  modulus,  auid  a  triad,  stress  separation  functioki: 

p(u)  a  p^** ( l-u/u’*‘ )"*  (O^u^u***)  1.4 

where  p  and  u  are  limiting  values  of  the  stress  and  soparation  respectively 
axid  m  is  an  exponent.  It  must  be  roted  that  since  p(0)  *  0,  this  form  of  the 
separation  function  is  inmrrect  for  low  values  of  u  (near  the  crack  tip)- 
iinport'uit  in  the  case  of  brittle  fiber-reinforced  composites,  but  may  be  used 
to  represent  p  at  larger  values  of  u.  The  ejqponent  m  reflects  the  way  p  is 
distributed  over  the  bridging  zone:  maO  represents  a  uniformly  distributed 
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stxeris,  mal  represents  'the  stress  in  the  case  of  a  frictional  grain  pullout 
mechanism  and  mB2  is  used  for  fiber^reinforced  concrete. 

By  substitution  of  equations  1.3  and  1.4  into  equations  1.2  and  1.1  they 
finally  obtained  the  form  of  the  effective  toughness  functicm,  T,  in  terms  of 

3|| 

the  parameters  T^,  c  ,  d^  and  m  (transforming  the  coordinates  such  that 

CBo^tJc  axxl  d^sc^td,  where  c^  is  the  notch  loigth) : 


T(A3) 

(d>^) 

1.5a 

T(Jc) 

(VT^)(l-[(Jc-d)/(.dc*-d)]*'»}“*^ 

1.5b 

T(4c) 

-  T 

(<4c>4o*) 

l.Sc 

f^ere 

9|l  SfC 

afracture  toughness  of  the  material  (plateau  region)  >  -f  Ep  u  /(m+l)T^ 
c*^  -  d^  + 

Jc  osteady  state  bridging  zone  l^igth  ■  d  t  (idBu 

IhuB  the  T  equations  and  the  spatial  detent,  .dc’*‘,  are  geooietry  insensitive. 

They  accordingly  used  these  modelling  equations  to  compare  with  the  results 
of  Swain  [26]  on  99X  AI2O2  and  found  that  a  good  fit  was  obtained  for  ibbO  with 
and  used  as  regression  variables  as  shown  in  fig  .1.2.  They  calculated 

9|K  9|C 

that  those  data  gave  p  ai  25  MRa  for  m»0  aixi  p  u  /(m+1)  ■  work  per  unit  area  to 

separate  the  bridges  ai  20  J/m*  which  is  ccoiparable  with  fracture  surface 
energies  and  thus  demonstrated  consistency  between  calculated  and  measured 
R-(or  T-)csurve  behaviour  for  that  material.  Finally,  although  they  emphasized 
that  c^aution  should  be  exercized  in  using  these  best  fit  prex^edures  for 
generating  the  peu'ameters ,  they  nevertheless  suggested  that  these  parameters 
cx3uld  be  used  in  materials  characterization  and  design  especirdly  in  strength 
analysis  where  short  crack  cxinfigurations  are  important. 

The  above  model  has  been  used  to  analyse  the  results  obtained  in  the  present 
work  on  the  R-curve  behaviour  of  96%  ^2^3  results  do  not  fully 

support  the  model  predictions,  as  discussed  later. 


•  ^  -  -IM  v:'.'  ■ 
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Fii.l 


2. Fit  of  Swain's  results  [26]  (shown  in  fig.  1.1)  and  theoretical 
Bodel  predictions  of  Mai  and  Lawn  as  presoited  by  Mai  and  Lawn  [28] . 
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Soon  afteTNards  Cook  at  al  [29]  ^jplied  the  Mai  laun  modal  to  the 
meofaenioa  of  the  indentation  atrenffth  test  ond  in  particular  to  the 
measurements  of  Cook  et  al  [25].  They  found  that  materials  with  pronounced 
T<<njrves  (as  they  call  the  R-curves)  have  the  qualities  of  flaw  tolerance  and 
enhanced  crack  stability.  Ihey  suggested  that  the  indentation-strength 
methodology  in  costbination  with  the  bridging  model  could  be  used  in  the 
development  and  characterization  of  structural  ceramics  particularly  with 
regard  to  grain  boundary  structure  (since  most  observations  of  R-curve 
bdiaviour  have  been  carried  out  on  intergranularly  fracturing  material). 

Hie  R-curve  behaviour  of  AI2O2  three-point  bend  specimens  at  high 
tenqperatures  has  been  reported  by  Wieninger  et  al  [30]  who  found  that  the 
toughness  increase  was  much  steeper  at  temperatures  above  10(X)^,  although 
their  measurements  only  extended  for  2-3Bm.  They  attributed  the  effect  to 
"frictj.cm  effects”  and  "adhesive  forces"  behind  the  crack  tip. 

During  the  past  year  a  mmiber  of  studies  have  been  reported  on  the  R-curve 
b^iaviour  of  ceramics  dealing  with  the  determination  of  the  curve  details  as 
well  as  the  evaluation  of  the  crack  bridging  stress.  Steinbrech  and  Schmenkel 
[31]  studied  "naturally-oocuriAg"  flaws  on  the  surface  of  alumina  bend 
specimens  and  found  that  they  displayed  R-curve  behaviour  but  with  lower 
initial  R  values  than  found  in  the  case  of  longer  cracks  in  SENB 
specimens.  They  suggested  that  this  could  be  due  to  the  influence  of  surface 
residual  stresses. 

Hsueh  and  Becher  [32]  presented  a  siiiple  approach  to  calculating  the 
bridging  stressc»  by  starting  with  t  he  experimentally  determined  R-curve  and 
evaluating  empirically  the  bridging  stress  instead  of  assxsing  the  existence 
of  the  force-crack-opening  relation  as  used  by  Mai  and  Lawn.  They  assumed  that 
the  pre-crack  length  is  much  l(xiger  than  the  bridging  zone  and  that  the 
bridging  stress  maintains  a  constant  profile  as  the  crack  propagates  and  found 
that  the  bridging  stress  can  be  representad  in  terms  of  the  derivative  of  the 
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R-curve  dJU/dt  : 

p(x)  -  (jix/2)»^*{ddK/d<)  (OSx-«i<,)  l.Ba 

p<x)  ■  0  {x.  i  or  xmt>t^)  1.6b 
vdiere  t  ia  tho  omck  extenaion. 

i^pplioatlcn  of  thair  technique  to  SlOwhiaker-reinforced  AI2O2  indicated 
that  the  bridging  atreaa  haa  a  Baximai  value  within  a  abort  diatance  b^lnd 
the  crack  tip  decroaalng  to  0  or  leveling  off  to  a  finite  value  at  the  ovl  of 
the  bridging  zone,  depending  on  the  nature  of  the  R-curve  b^iaviour. 

Krause  [33]  reported  measureomta  of  R-curve  behavicair  in  coarse-grained  96% 
^  ^2  measuring  the  strengths  of  indented  4-point  bend  specimens  against 
indentation  crack  ai2se  for  both  as  -  sintered  and  annealed  specimens .  His 
results  are  at  variance  with  the  results  of  the  similar  experiments  of  Cook  et 
al  [25]  in  that  he  did  not  find  the  -1/3  dependox^  reported  b7  Cook  et  al.  He 
pointed  out  that  if  the  lowest  load  point  of  Cook  et  al  was  excluded  fz*cm 
their  woiic  their  results  would  be  easily  described  by  a  straight  line. 

Finally,  Reichl  and  Steinbrec^  [34]  reported  the  results  of  a  novel 
experimmt  to  illustrate  conclusively  the  ^istoxse  of  the  bridging  stress 
behind  the  crack  tip.  They  used  notched  short  double  cantilever  beam  specimens 
to  show  that,  if  a  second  notch  is  introduced  at  the  back  face  of  the 
specimen,  thenyidicsi  the  crack  reaches  that  notch  under  very  stable  crack 
propagaticsi  conditions,  the  specimen  still  retains  load  carrying  capacity 
vholly  due  to  the  bridging  ligaments.  They  succeeded  in  measuring  the  load  at 
that  point  and  thus  were  able  to  calculate  the  actual  magnitude  of  the 
bridging  stress.  Iheir  experiamtally  determined  value  of  ai30MPa  (ad/?  of  the 
flexure  stress  indicates  that  about  14%  of  the  zone  area  is  effectively 
ligamented  vdiich  agrees  with  the  results  obtained  in  the  presrait  work)  agrees 
with  theoreticsdly  determined  values  of  p(x)  and  the  best-fit  value  of  2SME^ 
calculated  by  Mai  and  Lawn  [28] . 


15 


^qggriim^  MBwtfti. 

USL«l  >-.3hg 

Die  oaterial  ohoaen  for  these  investigations  was  an  Al202-glas8  aatrix 
oeraaio  :  ADS96R  provided  hy  OOCRS  Ounmica,  Wedes.  It  is  a  grade  used 
extttsively  in  the  electronics  industxy  as  substrate  material  and  {ap  grade 
A096)  as  a  wear  resistant  material  in  valves  and  pipelines  in  the  coal  mining 
industry.  It  consists  of  96wtX  AI2O2  in  a  ^teO-SiOa-Al,0,  glass  matrix.  Some  of 
the  properties  of  the  material  as  pro^'lded  by  the  manufacturers  (and  measured 
in  this  woiic)  are  tabulated  in  Ddble  1.1. 

Table  1.1  Properties  of  the  AD896R  specimais  as  supplied  by  the 
manufacturers  (COORS  CeramicSi  Wales). 


PhTaiffiftl  prawrtiCTt 


Al,0,  content,  wt  X 

96 

Density,  kg/m* 

3.75 

(3.74*^) 

Porosity,  X,  opai 

0 

total 

at  0.5 

Grain  size,  /jb,  range 

2-35 

(2-12’^) 

mean 

7 

<4.1’^) 

Coefficient  of  thermal  expansion, 

6.3  X 

10"® 

Blaetic  and  Hwbanigal  prppertieat 

Young’s  modulus,  GPa 

303 

Shear  modulus,  (3^ 

124 

Bulk  modulus,  OPa 

172 

Poisson’s  ratio 

0.21 

Modulus  of  rupture  (3-point),  Mfti 

399 

Compressive  strength,  MPa 

2070 

Hardness,  GPa 

11.1 

(11.4* 

Fracture  toughness, 

2.3  + 

a 

M 

• 

0 

*  :  measured  in  this  work. 


16 


The  speoiinens  f4ere  manufactured  by^  a  rolling  proceaa  for  use  as  electronic 
substrates  and  thus  uere  provided  in  a  final  thickneaa  of  0.64  ±  O.Olmm.  Thia 
enabled  the  uae  of  the  apeoinena  directly  without  the  necesaity  of  cutting  and 
grinding  whit^  always  introduce  surface  residual  atreases.  This  was  an 
important  consideration  since  residual  stresses  are  known  to  influence 
aignifioantly  the  crack  propagation  reaiatanoe  of  most  materials  (see  for 
exai^de  [45]).  The  morphology  of  the  nicroatructure  of  the  material  is  shown 
in  fig.  1.3.  The  fracture  mode  of  the  material  is  predominantly  tranagranular 
as  shown  clearly  in  fig.  1.4  where  brittle  fracture  of  the  glass  phase  is 
clearly  visible  as  well.  This  agrees  with  the  findings  of  Muasler  and 
co~-wothers  [13]  for  pure  alvmdna  of  the  same  grain  size.  Some  workers  however 
have  reported  predosiinantly  intergranular  fracture  surfaces  for  even  larger 
grain-sized  pure  alisujia  e.g.[26]. 

1.2.2.  The  double  torsion  technique. 

The  majority  of  the  tedmiquea  xjsed  in  the  measurement  of  the  fracture 
toughness  of  ceramic  materials  have  a  cmck.  length  dependence  on  [95]  whic^. 
necessitates  the  measurement  of  the  crack  length  during  testing  or  the  making 
of  a  number  of  assunqptions  about  the  crack  length  characteristics.  The 
Double-Torsion  (OT)  technique  however,  has  been  shown  by  compliance  analysis 
[48] I  to  be  a  "constant  K"  technique,  i.e.  the  stress  intensity  K  is 
independent  of  the  crack  loigth  (assvming  that  there  is  no  crack  tip  shielding 
or  other  crack  path-related  effect  on  the  total  stress  intensity). 

The  technique  was  first  introduced  by  Outwater  and  Gerry  [46]  and  was 
subeequoitly  developed  by  Kies  and  Clark  [47]  and  later  by  Williams  and  Kvans 
[48]  and  Pletka  and  co-workers  [49].  The  early  developments  showed  that  the 
crack  velocity  was  constant  for  a  constant  load  and  that  there  was  good 
correlation  between  crack  length  derived  from  compliance  analysis  and  that 
msaaured  by  direct  methods.  A  schematic  diagram  showing  the  typical  apeoimen 
shape  and  loading  c<xifiguration  (used  in  this  wozic)  is  shown  in  fig. 1.5.  The 
side  groove  is  cut  onto  the  specimen  in  order  to  facilitate  straight  crack 
propagation.  The  stress  intensity  under  this  loading  gecmetry  (aaauaing 


Fitf,  1.3. Morphology  of  the  AD696R  alualna  xised  in  his  moi4c.  Optical 
■icrograph  xlOOO. 


Flg> l>4.'^npioel  fracture  surface  of  ADS96R  illustr'.xting  the  transgranular 
fracture  node.  Fracture  of  the  glass  phase  is  also  visible. 
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plane  strain  oondltlona  at  the  oraotc  tip)  ia  given  by  [48,50]: 

where  P  «  the  load 

u  ■  Poisaon*a  mtio 

W^,  W,  d,  ■  gx.txaetric  paraaeters  defined  in  fig.  1.5. 

t  m  l-0.6302t+1.20te“*'^^  -  a  oorreotiot^  factor  for  thick  apeoiMns  [49] 

(t  -  2d/W). 

Iho  critical  atreaa  intenaity  factor  (fracture  toughneaa)  can  be 

lising  equation  1.7  idien  fracture  ia  entirely  aechanioal,  i.e.  by 
carrying  out  the  teat  at  relatively  high  atrain-ratee  [48,50]. 

Tbe  technique  has  been  used  widely  because  of  a  nudoer  of  other  advantages 
other  than  the  indeiiendaine  of  on  crack  length  :  the  loading  configuration 
ia  very  simple  and  lends  itaelf  to  testing  at  hiid^  tenqperaturea  or  hostile 
environments  or  in-aitu  aieaaurements  (such  as  those  used  in  this  work).  Also, 
the  saople  preparation  is  particularly  simple  and  lends  itaelf  to  routine  use. 
The  utilization  of  compressive  loading,  as  compered  to  tensile  loading  needed 
in  other  tests  such  as  the  DCB  configuration,  makes  the  DT  technique  ideal  for 
alow  crack  growth  investigations.  This  can  be  carried  out  by  a  load-relaxation 
experiment  or  by  an  inci'emental  method  and  since  the  crack  velocity,  v,  is 
related  to  the  instantaneous  load  and  the  correspcxiding  load  relaxation  rate, 
it  can  be  be  measxsred  over  a  range  of  Kj  [48,50,51]. 

A  number  of  questions  have  been  raised  as  to  whether  the  mode  of  fracture  in 
the  double  torsion  specimen  is  indeed  Mode  I,  hut  Evans  and  co-workers 
[48,50])  showed  that  the  correlation  between  values  measured  by  other 
techniques  with  values  calculated  using  the  analysis  given  above  svqpport  the 
conclusion  that  DT  specimmns  fail  in  Mode  fracture. 

The  crack  front  of  the  double  torsion  speoimm  ia  curved  and  extends  further 
along  the  tensile  surface  than  the  compressive  su..race.  Michalske  and 
co-workers  [52]  showed  by  measuring  the  crack  velocity  as  a  function  of  the 
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position  along  the  oraok  front,  that  the  oraok  front  shape  reaaina  oonetant 
over  the  load  plateau  region.  Ihey  ahoNed  also  that  this  satisfies  the 
p^aiaption  that  6A/dt  ■  thickness,  f^iere  A  ■  oraok  surface  area  and  t  «  oraok 
extmsion  idiioh  is  central  to  the  analjaia  of  the  OT  tecdmiqw*  In  addition, 
the  range  of  along  a  OT  oraok  front  vies  nearly  equal  to  the  eagperi— itai 
matter  in  a  douhlf»-‘Oantilever-besB  type  teat  vihioh  agrees  with  the  findings 
oi  Bvans  [SO] . 


Beoause  of  the  stability  of  oraok  prt^jsgation,  the  aisple  loading  gecaetry 
and  the  capability  of  long  orardc  lengths  the  DT  technique  lends  Itself  very 
easily  to  R-curve  behaviour  investigations.  This  has  been  done  in  the  present 
wozh  by  using  a  specially  designed  rig  in  a  scanning  electron  sdoroecope.  The 
at  various  oraok  lengths  mss  deteminad  using  eqn.1.7  by  following  the 
loading  procedure  discussed  later. 


1.2.3.  Grain 


In  order  to  study  the  influence  of  grain  size  on  the  R-curve  oharaoteristlos 
of  the  aaterial,  speoiams  with  different  average  grain  size  were  prepared  by 
aging  AD696R  specinena  at  1S00«C  and  1550^.  for  varying  periods  of  tine.  The 
average  grain  size  was  detenained  by  the  linear  intercept  method  over  a  large 

nusber  of  grains.  The  results  obtained  are  plotted  in  fig.  1.6.  against  Jt 
according  to  the  grain  growth  relation  [53]: 


d^-  d^  +  ^  exp(-Q/RT)  1.8 

where: 

d^  «  initial  grain  size. 

T  ■  Temperature, 

Q  ■  activation  energy  and 

C  a  a  constant  dependant  on  the  surface  energy. 

The  present  report  deals  with  the  results  obtained  on  specimois  with  a  small 
difference  in  grain  size  (up  to  l.S  variation)  but  these  will  be  extmded  in 
the  near  futiire  to  include  speciams  with  coarser  grain  structure. 
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1.3.  In-«ltu  dynaaio  obaorvatioM  of  fracture  in  96X-A1^Q3  br  JT  and  its 
R-curva  behaviour. 

1.3.1.  Qeneral  Conaiderationa . 

Uhdaratanding  of  the  aioroaachanloa  of  the  fracture  prooeea  can  be  elded 
substantially  by  observing  dynasdcally  the  actual  mechanics  of  crack 
propagation.  In  this  way  a  large  nuaber  of  questions  pertaining  to  the 
fracture  process  can  be  successfully  addressed  and  the  various  theories  on  the 
fracture  aioroaeohanics  and  failure  modes  can  be  tested.  For  this  reason  we 
have  developed  an  in-sltu  facility  for  fraettiring  specimens  under  various 
loading  conditions  and  has  used  it  successfully  for  investigating  the  fracture 
process  of  polymeric  coopcaites  and  other  materials  [54-56].  This  facility  has 
now  be«i  unproved  by  the  development  of  further  loading  configurations  (such 
as  a  hi^  stress  cooipression  rig)  and  the  stiffening  of  the  existing  rigs  to 
enable  the  investigation  of  the  fractiire  processes  of  very  rigid  materials 
such  au  ceramics.  The  only  other  similar  rig  described  in  the  literature  was 
used  by  Wu  and  co-workers  [57]  to  study  the  character  of  cracks  in  conjunction 
with  an  X-ray  microradiographic  technique  but  it  did  not  have  any  capability 
for  dynamic  testing  and  obsezvation  of  crack  growth  dynamics  but  only  for 
static  observation  under  load. 

Due  to  the  simplicity  of  ttie  loading  configuration  and  the  stability  of 
crack  propagation  in  the  double  torsicHi  technique,  the  in-si  tu  SQ1 
investigations  of  crack  propagation  and  R-curve  behaviour  of  96%  Al^O^  were 
carried  out  using  the  DT  configuration  in  a  specially  constructed  instrumented 
4-point  rig  shown  in  fig.  1.7.  This  is  the  first  time  that  this  technique  has 
been  used  to  investigate  the  R-curve  behaviour  of  ceramics.  The  majority  of 
the  work  reported  in  the  literature  involved  the  use  of  either  a  3-point  bend 
specimen  (vhich  limits  one  tu  very  short  crack  lengths)  or  the  double 
cantilever  beam  technique  which,  although  it  allows  measurements  of  at  long 
crack  lengths,  is  dependent  on  accurate  measurement  of  the  crack  length  for 
the  calculation  of  K^.  In  addition,  this  is  the  first  time  that  the  crack 
length  has  been  measured  very  accurately  using  a  scanning  electron  microscope 
during  loading. 


I 

t 

Fig.  1.8. The  in-situ  testixig  arrangement  showing  the  S£M,  the  strain  gauges, 
*  the  recorder,  the  power  supply  and  the  video  equipment. 
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The  rig  is  inatrunented  for  both  stress  and  strain  using  strain  gauges  vnth 
capabilities  for  loading  at  a  wide  range  of  atrain'-rates  via  two  red.uc(. 
connected  to  a  DC  motor.  The  experiments  are  recorded  on  video  tape  vhich 
enables  the  direct  correlation  of  physical  events  with  vsiriations  in  load  etc 
and  subsequent  detailed  study  of  the  physical  processes  involved.  The  rig  aixi 
accooipanying  equi.pmant  used  during  testizxg  is  shown  in  fig. 1.8. 

The  DT  specinms  used  were  cut  from  the  svdbstrate  material  to  a  final  size 
of  approximately  25x55nDi,  were  grooved  al<x)g  one  side  using  a  0.4niii  diamond 
wheel  and  a  narrow  notch  was  cut  using  a  O.lSmm  high  speed  dlamcxid  wheel  with 
the  geometry  suggested  by  Pletka  and  co-woricers  [49] .  Following  notching,  an 
initial  crack  was  introduced  by  driving  a  small  wedge  into  the  notch.  The 
loading  conditicms  as  suggested  by  Pletka  and  co-woricers  [49]  were  followed  in 
all  experiments  and  the  loading-rate  was  varied  from  appraximately  lO/jn/min  in 
the  case  of  the  crack  path  observations  up  to  approximately  SOpjn/min  for  the 
measurements  of  in  the  R-curve  stxxiies.  The  specimens  Wei's  very  accurately 
aligned  in  the  rig  and  preloaded  to  approx.  20%  of  maximum  load  prior  to  the 
start  of  the  experiments.  The  loading  symmetry  between  the  sides  of  the 
specimens  was  monitored  continuously  during  the  tests  to  ensure  straight  crack 
propagation  (vhich  was  not  always  achieved) .  For  the  R-curve  investigations 
only  the  undeviated  portion  of  the  cracks  was  used  in  the  calculations. 
Furthermore,  in  a  nimiber  of  cases  the  crack  initiated  by  poppjjtig-in  to  a 
length  of  few  mm  and  thus  not  all  specimens  in  the  R-curve  studies  yielded 
results  in  the  low-crack  length  regime.  Even  with  the  strictest  alignment  and 
monitoring  procedures  only  about  30%  of  the  specimens  used  for  the  R-curve 
tests  yielded  acceptable  results  due  to  either  a  very  long  pop-in  crack  or 
too-early  crack  deviation. 

1.3.2.  Dynamic  observations  of  fracture  in  ADe96R  Al»Og. 

Using  the  in-situ  rig  described  above  with  the  DT  configuration  it  has  been 
possible  to  monitor  the  growth  and  propagation  of  cracks  through  the  material 
very  accurately  (practically  "grain  by  grain")  in  conjunct j.on  with  the  video 
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recordings.  Although  it  Is  not  possible  to  fully  describe  these  observations 
using  "still"  photographs,  the  salient  features  of  the  observations  can 
nevertheless  be  easily  aiqpreciated. 

The  crack  was  observed  in  all  cases  to  be  particularly  straight  and 
transgranular,  deviating  or  becoming  intergranular  only  on  interaotion  with 
particularly  small  grains  or  wh^  grain  boundaries  were  encountered  at  a  small 
angle  to  the  crack  path.  This  is  illustrated  in  fig.  1.9.  vdiere  the  sequence  of 
photographs  show  the  advancing  transgranvdar  crack  meeting  a  low-angle  grain 
boundary  resulting  in  deviation  and  subsequent  return  to  a  transgranular 
fracture  mode. 

Extensive  crack  bifurcation  was  observed  in  all  sjjecimens  and  some  examples 
are  shown  in  fig.  1.10.  This  phenomenon  has  been  observed  before  and  is 
believed  to  be  one  of  the  bridging  mechanisms  involved  in  R-curve  behaviour  by 
providing  a  larger  real  fracture  surface  euea  than  that  calculated  from  the 
apparent  crack  length.  This  is  discijssed  with  more  examples  in  the  next 
section.  Some,  but  by  no  means  extensive,  secondary  microcracking  was  also 
observed  propagating  fran  the  primary  crack  and  one  example  is  shown  in  fig 
1.11. 


Elastic  crack  tip  closure  was  observed  in  all  specimens  by  reducing  the  load 
to  approximately  10%  of  maximum  and  an  example  is  shown  in  fig.  1.12.  The  crack 
was  observed  to  close  almost  completely  up  to  a  distance  of  approximately  0.5 
nra  from  the  crack  tip.  On  reloading  the  crack  was  observed  to  follow  the  same 
primary  crack  path  except  in  cases  of  crack  bifurcation  when  it  was  sometimes 
observed  to  follow  a  new  crack  path  as  will  be  discussed  in  the  next  section. 

1.3.3.  The  R-curve  characteristics  of  96%  Al^Og. 

The  DT  configuration  has  enabled  measvirements  of  as  a  function  of  crack 
length  extension  to  be  obtained  for  longer  cracks  than  in  any  other  work  in 
the  literature.  We  have  shown,  by  reaching  well  into  the  steady-state  region 
(Kj^),  that,  at  least  in  this  material,  the  crack  length  over  vhich  crack 
surface  interactions  act,  is  very  extensive  and  depends  on  the  microstructure. 
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Fltf.l. 9a tb. Example  of  crack  mode  change  from  tranagranular  to  Intergranular 
on  encounter  with  a  grain  boundary  at  a  low  angle  (near  centre)  and 
subsequent  return  to  tranagranular  fracture  mode. 


Fig.l.lOa^b.TVro  examples  of  creek  bifurcation. 


Fig.  1.11. An  exanqple  of  secondary  niiorocrecking  on  a  fracture  surface 

- - - - a--; >  .  '  ■  -  ^ 
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The  co«blned  results  of  versus  crack  length  (aeasured  froai  the  notc^  tip) 
for  6  as-sintered  specisans  are  ahcaai  in  fig.  1.13.  Prelisdnaxy  results  for 
aged  speoisans  with  naan  grain  size  of  5.6^  and  S.SfMt  are  shown  in  fig.l.l4| 
vhere  a  olose-fit  line  for  the  as-sintered  results  has  be«i  included  for 
ccaqparison.  It  is  difficult  to  sake  a  CGaf»rison  between  these  results  and 
others  r^x>rted  in  the  literature  because  no  work  hM  been  reported  in  the 
literature  on  the  R-ourve  behaviour  of  this  particular  saterial  for  large 
crack  lengths,  but  a  nuadber  of  observations  nay  be  nade  by  examining  the 
results  obtained: 

(1)  The  Double  Torsion  technique  can  be  tised  successfully  to  investigate 
the  R-curve  bdiaviour  of  ceramics.  Since  the  measurement  of  is  independoit 
of  crack  length,  the  increase  in  with  crack  length  observed  is  indeed  due 
to  a  physical  process  involving  the  crack  faces  b^ind  the  crack  tip. 

(2)  There  is  a  very  large  "crack-wake  bridging  zone"  (up  to  12nm  in  the 
case  of  the  as-aintered  apecimms)  of  the  order  of  200  grain  diameters.  Large 
bridging  zones  of  the  same  order  of  magnitude  have  also  been  observed  before 
by  Swain  [26]  and  Swanson  and  co-workers  [27]  for  coarse  grained  pure  alumina. 
However,  the  preset  material  displays  predominantly  tranagranular  fracture 
b^iaviour  (approximately  80%) ,  fdiereas  most  of  the  observations  of  R-curve 
behaviour  reported  in  the  literature  were  on  materials  displaying 
predominantly  intergranular  fracture  behaviour  (e.g.  [24-26,34]). 

(3)  There  appears  to  be  an  almost  linear  increase  of  with  crack  length 
up  to  the  steady  state  value  (K^^) .  This  appears  to  be  at  variance  with  the 
results  obtained  for  other  materials  which  show  a  smoother  increase  and 
transition  betwemn  the  increasing  region  and  the  plateau  region.  The 
gradient  of  the  increasing  portion  of  the  curve  appears  to  increase 
significantly  with  increasing  grain  size.  This  agrees  qualitatively  with  the 
results  of  Steinbrech  and  co-wozkers  [24].  Further  work  is  planned  in  order  to 
fully  characterise  this  phenomenon  and  the  influence  of  grain  size. 

(4)  The  stecbdy-state  fracture  toughness  of  the  material  appears  to  be  a 
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curve  or  as-sintered  ADS96R  (d=4.1[jffl) 


Fig.l.^J.Sianary  of  the  results  obtained  on  the  R-curve  behaviour  of 
as-sintered  ADS96R.  Kj  increases  aLeost  linearly  with  crack  length 

extensicm  Lq;>  to 
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InoroMing  fmotion  of  grain  aize  Mhioh  agraea  with  the  reeulta  of 
Muasler  et  al  [13].  Thia  obaervation  will  be  exaadned  ftilly  in  the  next  phaae 
of  the  work.  By  extxepolation,  the  for  the  aa-aintered  aaterial  measured 

in  this  work  (2.3  ±  0.2  is  oloae  to  the  result  {m  2.8  MBa..^)  obtained 
fajr  Cook  et  al  [29]  for  a  ooarse-grainad  A096  alisaina. 

The  phenomenological  aodel  of  Mai  and  Lawn  [28]  (described  in  aeotion  1.1) 
has  been  used  to  analyse  the  results  obtained  in  thia  work  for  the  as-sintered 
speciB«is.  Using  trial  values  of  bridge  spacing  d  ■  50^  (  from  observation  at 

10  grain  diameters)  and  steady-state  bridging  lengtht  ■  12flBi  (from  the 
results)  I  approxiaate  iteration  of  the  T  equations  gave  the  beat  fit  for  a  ■  0 
as  found  also  by  Msd.  and  Lawn  [28]  for  the  results  of  Swain  [27],  with  a 

1.4  UPaJm  and  at  2.5  Ml^a^  which  are  close  to  the  experimental  results  shown 
in  fig.  1.13.  However,  using  the  experimentally  detumined  values,  we  obtain 

that,  for  ideal  line  cracks,  u*  at  1^  y&xich  appecurs  to  be  significantly 
smaller  than  that  observed  by  in-si tu  Sl^  (see  micrographs  presented  in  the 

next  section).  The  bridging  stress,  p  also  ai^jears  to  be  low  (at  5ME^  for  m«0 
to  at  15MI^  for  a  ■  2),  althou^  the  fracture  energy  of  the  bridges  was  found 

to  be  of  the  order  of  5  J/a*  which  is  cooqparable  with  typical  fracture  surface 
energies.  Thus  it  appears  that  the  model  proposed  by  Mai  and  Lawn  is  capable 
of  giving  approximate  estiaatea  of  the  R-curve  parameters  but  needs  to  be 
refined  further.  The  main  problem  appears  to  be  their  choice  of  the  stress 
separation  function  (equation  1.4).  A  better  choice  for  this  function  may 
possibly  be  made  by  consideration  of  the  actual  physical  processes  involved  in 
the  bridging  effect.  This  aspect  is  being  deedt  with  in  the  present  woik  by 
in-situ  SEM  observations  and  a  nunber  of  possible  mechanisms  have  been 
proposed,  as  detailed  in  the  next  section.  The  question  of  the  correct 
separation  function  will  be  addressed  in  the  near  future. 
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1.4,  PI8WB8IW 

This  part  of  the  rtport  presonta  prelieuiarr  results  on  the  R-curve 
disraoteristioe  of  96X  Al20^-flaBa  ayateai.  Consequently  it  is  not  yet  possible 
to  arrive  at  a  definite  relationship  between  the  R-Knjrve  behaviour  of  the 
aaterial  and  its  aioroetzuotural  parasMtera.  HoMever  the  R-curve  briiaviour  of 
the  as-sintered  saterial  has  been  well-oharaoteriaed  and  the  in-situ  dynamic 
SEM  investigations  have  provided  a  great  deal  of  inforaation  on  the  actual 
physical  processes  that  occur  behind  the  crack  tip  in  the  crack  wake  which 
give  rise  to  the  R-ourve  behaviour. 

As  mentioned  in  the  review  section,  three  completely  independent  mechanisms 
have  been  proposed  as  explanations  for  the  R-curve  htdiaviour:  (i)  a 
microcracking  process  zone  around  the  crack  tip  as  discussed  by  Kreher  and 
Pompe  [18],  (ii)  bridging  due  to  unbroken  ligaments  b^ind  the  crack  tip  as 
proposed  by  Swansr ..  cjjid  co-workers  [27]  and,  to  a  lesser  extent,  (iii) 
bridging  due  tc  ccmpressional  thermal  expansion  anisotropy  stresses  exhibited 
by  abnormally  large  grains  as  suggested  by  Swain  [26].  All  three  of  these 
possible  processes  have  bcien  studied  during  the  in-situ  investigations  but  no 
evidence  at  all  has  been  found  for  the  first  and  third  mechanisms:  no 
extensive  microcracking  was  evident  anyvdiere  near  the  crack  tip  even  at  the 
highest  magnification  examinations.  It  must  be  noted  that  disaipaticn  of  the 
large  amounts  of  energy  that  is  needed  to  explain  the  results  (discussed 
later)  would  result  in  very  extensive  microcracking  especially  close  to  the 
crack  tip,  if  this  mechanism  is  indeed  present.  By  cxxisidering  the  crack 
closure  microphotographs  in  fig.  1.12  it  is  evident  that  if  there  was  any 
extensive  transgranular  microcracking  present  it  would  probably  have  been 
observed.  Furthermore,  no  evidmice  of  any  ctbnoimally  large  grains  was  found 
along  the  crack  path,  at  least  in  such  densities  as  to  contribute 
significantly  to  the  aiergy  dissipation  observed  as  hypothesised  by  Swain 
[26]. 

However,  strong  evidmce  has  been  found  for  the  second  type  of  mechanism 
proposed:  bridging  due  to  unbroken  ligamaits  behind  the  crack  tip.  This  has 
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been  obaerwd  in  nuneroua  regions  along  all  the  oraoka  exaainad  during  oradc 
opening  and  propagation.  Figs.  I.IS  and  1.16.  aho*#  olearlsr  tMO  exaaplea  of 
crack  bifurcation  reisulting  in  a  ligaonnt  uhioh  is  still  attached  strongly  to 
the  (aqpparently)  separated  oraok  face  so  as  to  result  in  crack  path  deviation 
on  further  increase  in  load.  Soae  evidence  of  crack  bifurcation  similar  to 
that  ahoHn  in  figs.  1.15  and  1.16  has  also  been  observed  by  Swanson  et  al  [27] 
and  Reiohl  and  Steinbreoh  [34] »  by  optical  aioroeoopy  of  oracka  in  AI2O2.  In 
soae  cases  of  grain  bridging*  the  eventual  fracturing  of  the  bridge  was 
aocooqpanied  by  substantial  energy  zeleaaef  resulting  in  actual  loss  of  a  part 
of  the  bridging  liganait  as  illustrated  in  the  exaaqple  shcMn  in  fig.  1.17. 

In  addition  to  bridging  ligaaientat  wedged  grains  acting  also  as  bridging 
elanents  were  observed  between  the  crack  faces  as  shown  clearly  in  fig.  1.18. 
Ibe  microcracking  evident  on  the  bridging  ligaaent  shown  in  fig.  1.18a 
(arrowed)*  for  exaiiq;>le*  indicates  that  there  are  high  bending  and  frictional 
stresses  on  the  ligamant  due  to  the  movement  of  the  separating  faces  and  the 
wedging  action  of  the  surrounding  grains.  17118  mechanism  would  thus  be 
expected  to  contribute  substantially  to  energy  dissipation  and  is  discursed  in 
some  detail  later. 

Another  possible  mechanism  of  energy  dissipation  observed  was  tractional 
forces  between  irregular  protuberances  on  the  separating  fztees.  A  possible 
exasple  is  shown  in  fig.  1.19.  where  the  area  of  contact  between  the  two 
opposing  grains  is  clearly  visible.  However*  because  of  the  predominantly 
regular  nature  of  the  transgranular  cracks  in  this  material*  this  particular 
ev(^t  was  observed  cxily  infrequ^tly  and  thus  it  is  not  thought  to  emtribute 
a  significant  amount  to  the  energy  dissipation. 

Prior  to  atteoqfiting  an  analysis  of  the  various  mechanisms  in  terms  of  their 
energy  dissipation  characteristics*  it  is  instructive  to  consider  the  possible 
contribution  of  the  bridging  ligammts  obsexved  to  the  total  stress  intensity 
measured.  By  accurate  examination  of  the  video  tapes  and  the  evidence  obtained 
during  the  testa,  it  appears  that  the  airea  density  of  unbrokoi  ligaments 
distributed  about  the  crack  faces  may  be  as  high  as  10-15X*  vdiich  agrees  with 
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Fig.  1.1 7. Complete  loss  of  upper  half  of  bridging  grain  in  a)  due  to  large 
energy  release  following  bridge  fracture. 
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the  calculations  of  Reichl  and  Steinbrech  [34].  From  the  basic  ^ergy  equation 
for  the  amount  of  energy  needed  per  unit  area  for  fast  fracture: 

G  a  /  E  1.9 

C  xc 

where  •  Energy  per  unit  area  needed  for  the  formaticm  of  new  crack  surface 
E  a  Young’s  modulus  of  the  material, 

it  can  be  seen  that  the  observed  increase  of  Kj.  from  1.7  to  2.25  (a  ratio  of 
1.3)  over  the  interaction  zone  requires  an  additional  energy  input  of  the 

order  of  a  1.2  J/m*  (75%).  This  must  be  provided  by,  firstly,  fracturing  of 
the  unbroken  ligaments  which,  by  fracture  area  considerations,  appear  to 
contribute  possibly  1/4  to  1/3  of  the  total  needed.  The  betlance  must  be 
provided  by  other  mechanisms  such  as  elastic  bending  of  the  ligaments, 
friction  of  "locked"  grains  and  friction  and  bending  of  the  wedged  grains 
observed.  The  area  density  of  these  wedged  ligamentary  grains  appears  to  be  at 


Fig.  1.19. An  example  of  tractional  interaction  between  grains  on  the  crack 
surfaces . 


livT- 


39 


least  0.5-2X.  and  their  contribution  to  the  energy  dissipation  is  discussed 
beloK. 

A  sinqple  analysis  of  the  forces  involved  under  these  circumstances  indicates 
that  there  are  three  possible  modes  of  energy  dissipation  whose  relative 
contributions  would  be  dictated  by  the  peurticular  configuration  of  the  wedged 
grain: 

1. Energy  dissipated  in  binding  of  an  elastic  up  tc  fracture. 

This  mechanism  has  been  alluded  to  by  a  number  of  workers  in  the  past  in 
terms  of  bending  of  the  bridging  ligaments  by  the  movCTient  of  the  separating 
crack  faces.  It  is  of -course  edso  preset  in  the  case  of  the  wedged  grains. 
However,  a  simple  model  of  the  maximum  energy  dissipation  that  can  be  expected 
shows  that  the  contribution  of  this  mechanism  to  the  energy  dissipation  is 
extremely  small  and  cannot  account  by  any  means  for  the  increase  observed: 

Consider  an  elastic  bridging  ligament  in  the  form  of  the  elastic  beam  shown 
in  fig.  1.20.  The  aim  is  to  calculate  the  work  done  in  bending  the  beam  until 

* 


Fig.  1.20.  Schematic  diagram  of  an  elastic  bridging  ligament. 


it  breaks.  For  this  configuration: 
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where  E  =  Young's  modulLis  of  the  material  and 
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Moment  of  Inertia 
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1.10 


The  energy  stored  in  the  beam  when  loaded  by  a  force  F  is: 


g 


fV 

24EI 
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The  iHMfiwwm  force  is  that  which  will  just  break  the  beam.  The  stress  at  the 
beam  surface  is: 


M  t  Fet 
®  ■  I  2  “  41 


1.12 


This  will  be  maxlmun  at  fracture  (approximately  equal  to  the  modulus  of 
rupture  of  the  bulk  material).  Substituting  for  F  in  ecpi.l.ll.  we  get  at 
fracture: 


g 


2^4-" 

3  E  t* 


1.13 


Now  the  increase  in  toughness  ^  observed  in  this  work  («a  /E)  is: 


^  «  N  g 
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max 
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t* 


1.14 


idiere  N  «  nunber  of  ligaments  or  wedged  grains  per  unit  area  »  f/th 
a 

(f “fraction  of  area  of  interface  covered  by  bridging  ligaments) 
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Substituting  for  I,  N  and  setting  t  •  gredLn  size  «  d  we  obtain: 

a 

^  2 

Taking  £  3  300  GBa,  *  400  ME^,  ^  ot  1.2  to  4.0  J/m*  and  d  «  5/jd  and 
solving  for  f  we  find: 

f  a  8  to  27  1.16 

which  obviously  shows  that  the  elastic  banding  of  the  bridging  ligaments 
cannot  account  for  the  increase  in  observed. 

2.  Energy  dissipated  bv  a  wedged  grain  against  friction. 

A  wedged  grain  locked  into  both  crack  faces,  as  shown  schematically  in 
fig.  1.21,  would  be  expected  to  dissipate  energy  in  the  form  of  work  done 
against  friction  by  its  motion  relative  to  the  constraining  grains.  Ihe 
frictional  stress  under  these  circxjmstances  is: 

o^  »  ^  o  1.17 

where  pi  is  the  coefficient  of  friction  and  a  the  average  stress  exerted 
by  one  grain  on  another 

Then  the  increase  in  toughness  JG  is  given  by: 

JG  3  N  fj  a  4<h^  1 . 18 

a 

Setting  N  =  f/d*,  h  »  d/4  to  d/8  (frcm  SEM  observations)  and  <  »  d,  we 
ct 
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Fl£.1.21.SchaoMiitlc  diagnui  of  a  f4edged  grain  Morking  against  friction  due  to 
the  relative  action  of  the  crack  faces. 

find: 

JG»^fodto^fod  1.19 

and  taking  values  of  /i  «  0.5,  d  a  5  JG  a  1.2  J/m‘  and  a  a  400  MPa  as  the 
waxisMB  stress  exerted  by  the  restraining  material,  possibly  due  to  the 
thermal  expansion  zuiisotropy  exhibited  by  the  material,  as  before,  we  find: 

f  a  5  X  10"^  to  2  X  10“^  1.20 

Ihus  only  0.5  to  2%  of  the  grains  need  to  be  interlocked  and  subject  to 
frictional  forces  to  account  for  the  energy  dissipation  measured. 
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In  the  case  of  a  grain  i-iedged  at  an  angle  between  other  grains  on  both  aides 
of  a  crack  as  shoiei  ac^iegBitioall7  in  fig.  1.22  and  observed  in  this  work 
(fig.  1.18),  work  is  done  against  friction  between  the  grain  and  the 
restraining  aaterial  on  both  sides  of  the  oracdc  as  the  grain  rotates  and 
finally  pulls  free.  Die  frictional  forces  would  be  expected  to  be  present  at 
the  areas  naiked  by  arrows  in  fig.  1.22  and  increase  in  nagnitude  as  the  crack 
opens  and  the  grain  rotates.  In  addition,  it  is  possible  that  the  bmding 
stresses  iniuced  by  the  rotating  grain  nay  result  in  the  nucleation  of 
secondary  cracks  in  the  restraining  aaterial,  as  tas  observed  in  fig.  1.18a. 

If  the  aaxiaasi  stress  acting  across  the  sliding  surface  is  and  the 

2 

area  over  fdiich  these  frictional  forces  act  is  od  .  (idiere  d_.  is  the 

sdin  SLUi 

ssaller  dinension  of  the  grain  and  a  the  area  fraction  subject  to  fricticxial 
forces  at  1/4),  then  the  work  done  against  friction  at  both  sides  of  the  crack 
in  rotating  the  grain  through  an  angle  9  is: 


g  ^  2  fj  a  ad:  t  9 
sax  nun 


where  u  is  the  coefficient  of  friction  and  t  the  mcsient  arm  «  d  .  /2 

nun 


The  total  work  dcxie  in  rotating  the  grain  over  Jt/4  (average  over  all 
possible  rotations  between  0  and  it/2)  is: 


T— 

mm  sax 


where  and  f  are  defined  as  before  and  the  area  of  an  elliptical  grain  has 


been  taken  as  -rd  .  d 


avx  •  va  ■ 

4  mm  max 
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After  a  rotation  of  ir/4  the  grain  would  possibly  be  snibjeot  to  the 
friotionsl  ■eohsniss  proposed  in  (2)  above.  If  it  pulls  free  the  total  energy 
dissipated  Mould  be: 


a  n  1/4  Me  find: 


dQ  ■  f  o  d  . 
16  sax  am 


1.22 


Taking  at  400  MI^  ^ain  *  ^  A*  JO  e  1  -  2  J/m*  Me  obtain  finally: 

f  -  0.02  to  0.08  1.23 

which  thus  indicates  that,  only  2  to  8X  of  the  grains  need  be  wedged  as  above 
to  account  for  the  phcnonenon. 

Frcn  the  in-si tu  SEM  observations  and  the  siople  analysis  presented  above, 
it  would  appear  that  the  mechanisa  proposed  in  (3)  above  in  conjuncticn  with 
that  analysed  in  ( 2 )  may  account  for  the  R-curve  phenomenon  in 

non-transforming  cenmics.  Furthermore,  the  similarities  between  the 

microstructures  in  most  types  of  ceraaics  indicate  that  the  above  mechanisms 
may  be  active  in  all  ceramics  containing  elongated  grains. 

The  feasibility  of  the  mechanisms  discussed  in  (2)  and  (3)  above  will  be 
further  investigated  by  measuring  the  energy  dissipation  per  cycle  (during  a 
loading/unloading  cycle  with  and  without  primary  crack  propagation)  and  by 
quantitative  examinations  of  the  final  fracture  suirface  topology  by 
three-dimensioned  SEM  imaging. 
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The  ■Bchanioal  behaviour  of  brittle  eateriale  both  under  tenalon  and 
ooepreesion  have  been  of  Intereet  to  engineers  and  arohlteota  since  verx  early 
tines.  Although  research  on  the  properties  of  naterials  in  the  nodem  sense 
only  developed  during  the  past  two  to  three  centuries,  the  aonusental 
structuree  that  have  rwnsinnd  since  ancient  tinea  such  as  the  nonunants  of 
Mesopotania  and  Ancient  Egypt,  indicate  sons  enpirical  knowledge  of  the 
coeqparative  properties  of  the  naterials  which  were  tned.  Later,  the  Ancient 
Grecdcs  and  the  Ronans  actively  stixUed  engineering  and  there  is  evidence  to 
suggest  that  sane  knowledge  of  the  coaparative  properties  of  naterials  was 
being  used  in  evexyday  life. 


Although  the  nechanioal  properties  of  naterials  have  been  studied 
extensively  during  the  past  three  centuries,  the  elucidation  of  the  nechanics 
of  brittle  fracture  in  tension  is  nainly  due  to  the  pioneering  work  of 
Griffith  [58]  in  1920  and,  later,  Orowen  [59]  and  Irwin  [60]  and  has  been 
expanded  during  the  last  few  decades  by  many  workers  [3]  to  f  .rm  a  new  branch 
of  Engineering:  Fracture  Me<^ianics.  It  is  now  well  understood  that  fracture  on 
the  atomic  scale  is  always  a  tensile  process  in  which  opoiing  displacements 
result  in  separation  of  the  crack  faces.  In  Inrittle  materials  i.e.  materials 
which  display  almost  no  plasticity  at  normal  tenperattire  and  pressure 
conditicxis ,  six^  as  most  silicate  rocks,  ceramics  etc,  separation  of  the  crack 
faces  requires  the  attainsient  of  the  cohesive  strength  of  the  solid  by 
concaitrating  toisile  stresses  in  localised  regions  such  as  shaip  flaws, 
pre-existing  microcracks,  microporea  etc.  Initiation  and  propagation  of  cracks 
from  such  regions  of  stress  concoitration  takes  place  when  the  Mode  I  stress 
intoisity  reaches  a  critical  value  known  as  the  fracture  toughness  of 
the  material  and  is  governed  by  the  elastic  and  cohesive  properties  of  the 
material.  Ihua,  althou^  the  material  parameters  that  affect  are  still  the 
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subject  of  muoh  research  i  the  phenasanology  and  Dechanians  of  brittle  fracture 
under  tension  are  quite  well  understood  (see  e.g.  [3]). 

In  contraat  however*  althou^  the  Bschanical  behaviour  of  brittle  structural 
materials  such  aa  stone*  brick  and  cement  were  of  interest  to  early  civil 
ongiiMsers,  the  symteaatic  study  of  their  cosgireaslve  paroperties*  such  am  their 
strength*  only  dates  from  the  2nd  half  of  the  19th  century  [61].  The  first 
attempt  at  a  theoretical  understanding  of  ccapressive  fracture  was  also 
carried  out  by  Griffith  in  1924  [62]  who  was  the  first  to  consider  the  effects 
of  cracka  in  brittle  solids  subjected  to  coapression.  The  main  difference 
between  toisile  and  coapreasive  fracture  is  that  in  tension*  fracture  is 
unstable  due  to  the  energetically  favourable  propagation  of  a  single  crack* 
vdiereas  in  cosqpression*  fracture  is  initially  stable  due  to  the  slow 
propagation  of  initiated  cracka  until  they  interact  to  cause  final  failure. 

In  a  solid  with  randomly  oriented  stress  concentrating  flaws*  such  as 
pre-existing  aicrocracdcs *  under  triaxial  coapression*  fracture  can  take  place 
locally  when  shear  stresses  produced  by  unequal  stress  levels  displace  the 
surfaces  of  the  pre-existing  microcracks  against  facial  frictional  forces 
[63,64]  and  produce  tensile  stresses  near  the  tips  of  the  microcracks  as  shown 
schematically  in  fig  2.1  [65-67].  In  general*  whon  the  stress  intensity  at  the 
tips  exceeds  the  critical  stress  intensity  of  the  material  (in  most  materials 
at  a  stress  approx,  half  their  uniaxial  coopressive  strength)  *  secondary 
cracka  (wing  or  signnidal  cradcs)  initiate  at  the  tips  and  propagate  parallel 
to  the  directitm  of  naximuB  coopressive  stress  (o^  in  fig  2.1)  and 
perpendicular  to  the  direction  of  minimua  coopressive  stress  (o^  in  fig  2.1). 
As  the  applied  axial  coopressive  stress  increases*  the  nuober  of  secondary 
cracks  that  initiate  increases  and*  aocroacopically,  the  specimen  displays 
substantial  dilatancy.  If  ■  0,  l.e.  under  purely  uniaxial  oo^preasion*  the 
secondary  cracks  can  grow  to  tens  of  timea  the  size  of  the  original  microcrack 
until  eventxjal  overall  fracture  of  the  body  by  "slabbing"  parallel  to  the 
directioii  of  maximum  compressive  stress  as  shown  schematically  in  fig  2.2a. 
When  the  transverse  confining  compressive  stress*  o^  is  greater  than  zero*  the 
number  of  secondary  microcracks  initiating  at  regions  of  stress  concentrations 
increase  but  they  grow  to  (xily  a  few  times  the  length  of  the  original 


Fig.2«l.Schenatlc  diatfram  of  Mode  I  crack  initiation  (a)  due  to  a 

pre-existing  inclined  crack  in  a  brittle  material t  and  (b)  its 
propagaticm  parallel  to  the  principeil  compression  directicxi 
(Oj).  (From  [65]). 
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ndorooracks  [65].  When  the  denalty  of  the  pre-existing  flam  ia  high,  as  for 
ttcainple  in  the  case  of  rodcs  etc,  nany  nioroflai<f-seoondar7  crack  systems  can 
interact  synergiatically  to  cause  overall  fracture.  The  form  of  the  final 
failure  depmds  on  the  level  of  the  confining  transverse  compressive  stress. 
At  low  to  intennedlate  confining  stress  levels  a  sample  with  ixiiforaly 
distributed  microflaws  would  be  expected  to  fail  in  a  shear  node  dien  a  nvmdber 
of  flaw-secondary  crack  systesa  combine  an-echelon  to  fora  a  shear  zone 
[65,68]  as  shown  in  fig  2.2b.  However,  it  is  possible  for  a  specimen  to  fall 
by  "slabbing"  if  it  contains  a  susdl  number  of  large  flaws  (of  size  many  times 
the  grain  size).  In  this  case  the  secondary  cracks  can  grow  long  enough 
parallel  to  each  other  and  to  the  diraction  of  the  maximua  coogxressive  stress 
to  cause  final  fracture.  It  is  thus  possible  to  distinguish  between  extrinsic 
and  intrinsic  compressive  failure  [65],  depending  on  whether  final  failure  was 
due  to  a  single  crack  (or  a  very  small  mmber  of  non-interacting  cracks) 
initiated  at  an  inherent  large  flaw  or  due  to  the  interaction  of  a  large 
number  of  small  cracks  initiated  at  mxnerous  small  microatructural  flaws  such 
as  grain  boundaries,  micropores,  etc.  At  higher  levels  of  confining 

compressive  stress  a  large  number  of  secondary  cracks  initiate  and  the 
specimen  displays  substantial  dilatancy  and  pseudo-plasticity  with  large  scale 
deformation  as  shown  in  fig. 2.2c  [68].  In  the  case  of  compression  under 

moderate  confining  pressure,  the  e^qperimental  evidence  suggests  that  the 
effective  fracture  energy  which  is  now  in  an  in-plane  shear  Mode  II  can  be 
several  orders  of  magnitude  higher  than  the  tensile  fracture  toughness 
[65]. 

It  must  be  noted  that  under  very  high  confining  pressures,  most  brittle, 
crystalline  inorganic  solids  can  undergo  true  plastic  deformation  by 
dislocation  glide  evoi  at  low  temperatures  [65].  Ihus,  this  discussion  of 
compressive  fracture  limits  itself  to  pressures  up  to  aiqproximately  the 
compressive  strength  of  the  materials  in  question. 

Both  from  the  scimitific  and  industrial  point  of  view  the  understanding  of 
compressive  fracture  of  brittle  solids  and  the  establishment  of  specific 
constitutive  relaticxis  for  inelastic  deformatitxi  betweoi  the  various 


parameter  is  extremely  important.  Failure  by  compressive  fracture  can  occur 
in  a  wide  range  of  applications,  from  (»ies  that  do  not  in  general  have 
catastrophic  consequences,  such  as  rock  machining  operations,  to  cases  where 
failure  can  have  catastrophic  consequences  six:h  the  stad>ility  of  mine  shafts, 
various  civil  engineering  applications  and  even  the  stability  of  missile 
casings  [65].  Thus,  constitutive  equations  and  a  detailed  mderstanding  of 
compressive  fractvire  can  help  in  solving  a  variety  of  problems  both  in 
designing  using  brittle  materials  and  in  constructing  failure  surfaces  for 
particular  materials  vhich  can  give  direct  information  the  stress  state  at 
failure. 

The  theoretical  developments  of  brittle  fractijre  in  compression  have 
followed  two  complementary  approaches:  the  phenomenological  approach  idiich  is 
baaed  on  the  deformation  behaviour  of  the  material  and  tries  to  relate  the 
total  deformation  of  the  material  or  deformation  increments  with  the  pressure 
and  the  effective  stress.  In  these  models  (reviewed  in  [65])  the  shear 
localization  due  to  the  co-operative  interaction  of  a  number  of 
flaw-microcrack  systems  is  treated  sis  a  volvme  phenomencm  in  which  the  onset 
of  instability  can  be  hastened  by  initial  flaws.  In  this  irespect  they  are 
onpirical  continuun  models  and  the  materisd.  behaviotir  is  described  by 
peuTameters  obtained  from  averages  of  physical  quantities.  Recently  Costin  and 
co-worker's  [69-71]  have  developed  a  phenomenologicstl  model  of  the  damage 
mechanics  of  compressive  fracture  using  a  continuian  model  based  on  the 
mechanics  of  microcrack  growth  and  interaction.  By  considering  experimental 
results,  they  showed  that  they  could  use  the  model  (incorporating  a  number  of 
adjustable  parameters)  to  simulate  the  behaviour  of  brittle  rock  under 
relatively  ccmplex  states  and  predict,  at  least  qualitatively,  the  location 
and  orientation  of  major  fractures  at  high  levels  of  damsige. 

The  alternative  approach  is  the  mechanistic  approach  in  vdiich  the  initiaticn 
and  growth  of  cracks  under  compression  is  modelled  by  considering  the  stress 
concentrations  at  shaurp  pre-existing  flaws  in  the  material  and  is  treated 
using  standard  F'racture  Mechanics  in  the  same  way  as  tensile  cracks.  However, 
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vihereas  the  initiation  and  initial  propagation  stress  is  well  understood  [e.g. 
62-*€4,72,73]  •  the  suJbsequent  progressive  synergistic  interaction  of  a  nuDoiber 
of  small  neighbouring  flow-^crocrack  systems  which  lecds  to  either  a  shear 
zone  or  gross  defoxnation  is  less  well  understood.  A  nunber  of  reports  [74,80] 
have  established  that  extrinsic  fadlure  con  occur  when  a  large  body  under 
ccmpressicMi  is  subjected  to  conipreasicxi  and  that  in  the  case  of  a  large  number 
of  flaw-microcrack  systems  the  shesur-zone  instability  develops  wben  the  length 
of  individual  cracks  is  con^iarable  to  their  spacing.  Kachanov  [81]  has 
attempted  to  develop  a  physical  theory  of  inelastic  behaviour  of  rocks  by 
considering  the  initiation  and  propagation  of  the  secondary  microcracks  and 
showed  that  inelastic  behaviour  resulting  from  crack  face  sliding  and  crack 
propagation  is  generally  path-dependent  and,  like  plasticity,  can  be  described 
only  for  arbitrary  stress  histories  by  incremental  relations.  His  model  does 
not  consider  the  applied  stress  nndificaticai  by  the  extension  of  the 
microcracks  and  thus  it  cannot  be  extrapolated  to  the  condition  for  microcrack 
interaction  and  shear  zone  formation. 

The  micromechanics  of  compressive  microfractvire  under  triaxial  ccnditions 
have  also  be«i  modelled  recently  by  Nemat-Naser  and  Horii  [63]  and  Ashby  and 
Hallam  [66]  who  considered  analytically  the  growth  and  subsequent  interaction 
of  microcracks  initiated  at  pre-listing  sharp  flaws  inclined  to  the  direction 
of  maximum  compressive  stress  Euid  Sammis  and  Ashby  [68]  who  developed  an 
analytical  model  for  the  initiation  and  propagation  of  microcracks  from 
sphericeLL  pores  in  2  and  3  dimensions.  The  theoretical  models  for  both  extreme 
types  of  flaws  (spherical  pores  and  sharp  cracks)  lesul  to  approximately 
idaxtical  expressions  for  the  crack  initiation  relationship  between  the  axial 
stress  Ox  and  the  radial  stress  o,  >  Oj,  (Oi>aj)  vdiich  can  be  written  as: 

Oi  =  CjO,  -  c^  2.1 

vdiere  the  constants  Cj  and  c^  depend  on  the  nature  of  the  flaws. 

When  cracks  nucleate  from  spherical  holes  the  constant  Cj  was  predicted  to 
be  about  3.1  to  3.4  [68]  and  when  they  nucleate  from  cracks  it  has  been 
predicted  [63,66]  to  depend  on  the  coefficient  of  friction  between  the  sliding 
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faces,  fit  and  may  range  for  exanple  between  approx.  2.5  and  3.5.  if  /i  ranges 
betwe^  0.5  and  0.7.  Experimental  results  on  crack  initiation  in  Westerly 
granite  (quoted  in  [81])  suggest  a  value  of  c^  of  approx.  2.8  for  both  pores 
and  cracks.  The  constant  c^  is  predicted  to  depend  in  both  oases  on  the 
fracture  toughness  and  the  flaw  size  2a.  When  the  flaws  are  spherical 

pores,  c^  «  l.SKj^/VnaL^  where  2a  is  the  diameter  of  the  pores  and  is  a 
measure  of  the  roughness  of  the  pore  (the  length  of  the  initial  cracks 

associated  with  the  pore).  When  the  flaws  aire  sharp  cracks,  o^  =  3.1Kj^//lia 
where  2a  is  the  length  of  the  inclined  crack.  The  experimentsd  data  on  crack 
initiation  quoted  in  [82]  indicated  a  value  for  c^  of  ai  60  MPa  which  would 
indicate  a  crack  half  length  of  at  0.85  mm  which  is  not  voireasonable.  Thus  it 
appears  that  the  above  models  are  supported  by  data  on  crack  initiation  in 
rocks  under  triaxial  con^ression.  The  fact  that  the  form  of  the  equation  3.1 
as  well  as  the  constants  are  almost  id^tical  for  both  extreme  types  of  flaw, 
iivdicates  that  eqn.  2.1  may  be  considered  as  a  general  criterion  equation  for 
damage  initiation  in  compression  [82].  In  the  present  wotic,  data  on  crack 
initiation  in  Plaster  of  Paris  specimens  of  various  densities  and  flaw  sizes 
subjected  to  uniaxial  compression  appear  to  support  equation  2.1  as  well,  as 
discussed  later  in  this  section. 

Ashby  and  co-workers  [66,68]  treated  intersctions  by  considering  the 
"bending"  of  the  ligaments  of  non-fractured  material  between  microcracks  but 
it  was  sixx;esful  only  in  the  case  of  ext«Mive  overlap  between  cracks.  Very 
recently  they  extended  this  physical  approach  and  have  succeeded  in  the 
construction  of  fracture  initiation  and  failure  surfaces  and  have  paved  the 
way  for  the  developoient  of  a  theory  of  damage  mechanics  of  brittle  solids 
[82].  This  has  enabled  the  stress-strain  and  failtire  characteristics  of 
various  materials  under  compression  to  be  derived  from  a  knowledge  of  only 
their  elastic  properties  and  defect  population  and  distribution. 

In  the  case  of  hydrostatic  compression,  the  applied  hydrostatic  stress,  p, 
on  a  porous  brittle  material  gives  rise  to  an  anisotropic  stress  distribution 
in  the  material  around  a  spherical  flaw  of  radivis  a  as  shown  schematically  in 
fig. 2. 3a.  This  deformed  region  can  be  represented  by  a  deformed  s|^ere  of 


(a)  (b) 

Fig. 2. 3. Stresses  around  a  spherical  pore  subjected  to  hydrostatic  pressure  p 
(a)  and  (b)  their  variation  with  distance  from  pore  r  (equations  2.2). 


radius  b>>a.  The  stresses  in  a  unit  volume  of  the  deformed  sphere  can  be 
represented  by  the  redial  stress  end  the  tw  eciuel  tangential  stresses  o, 
and  o^.  It  can  be  shown  [83]  that  the  stresses  around  a  spherical  hole 
subjected  to  hydrostatic  compression  are  given  by: 


b*  (r*  -  a») 

o  =  -o  - -  2.2a 

^  r»  (b*  -  a*) 


b’  (a*  +  2r*) 

0=0=  -p -  2.2b 

®  ^  2r»  (b*  -  a*) 

According  to  these  relations,  as  we  move  iway  from  the  pore  all  stress 
components  asymptotically  approach  the  hydrostatic  stress  level,  -p,  but, 
fdiereas  the  radial  conponent,  o^,  decreeises  from  0  at  r  =  a  to  =  -p  at  r  =  b, 
the  tangential  components  increase  from  a  minimum  value  =  -3/2  p/(l-f)  (where 

f  =  a*/b*  is  the  volume  fraction  of  pores  in  the  material)  at  the  pore 
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surfacet  r  «  a,  to  a  -p  at  r  •  b  as  shown  in  fig. 2. 3b.  The  presence  of  a 
maximum  of  tangential  stress  at  the  surface  of  the  pore  means  that  fracture 
under  hydrostatic  compression  will  initiate  near  the  surface  of  the  largest 
pore  present  in  the  material . 

Applsnng  the  fracture  nucleation  equation  2.1  (which  still  holds  with  the 
stresses  Oj  and  o,  replaced  by  the  corresponding  radial  and  tangential 
coopcxients  of  the  applied  hydrostatic  stress  as  long  as  |ox|>|o,  |  )  to  the 
case  of  hydrostatic  compression  of  porous  brittle  materials,  we  find  (since  o^ 
is  less  compressive  than  ) : 

1.6 

where  a  3.1  and  c^  a  ■■■  as  before  for  holes. 

Substituting  for  o^  and  we  obtain: 


b*  (a*  +  2r’)  b*  (r*  -  a*) 

-  +  CiP.  - 

2r*  (b*  -  a*)  ^  r»  (b*  -  a») 


2.4 


using  f  =  and  solving  for  p^  (the  hydrostatic  stress  for  fracture 
initiation)  we  finally  find; 


2rVa>  (l-f)c^ 

p  - -  2.5 

^  l+2c,-2(Ci-l)rVa* 

The  dependence  of  equation  2.5  on  r/a  etllows  us  to  calculate  the  value  of 
p^^  that  would  be  required  to  initiate  fracture  at  various  distances  fixmi  the 
hole  surface  as  a  function  of  the  volume  fraction  of  holes,  f  and  the  fracture 
toughness  of  the  material,  Kj^.  Fig. 2. 4.  shows  that  p^^  increases  sharply  and 


r- rntmurf 


■racture  Init.  Model 
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'racture  initiation  stress 
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reaches  an  asyiqptote  at  r/a  ■  3^(1+201  )/{2c^~2)  (a  1.2  for  a  3.1)  at  f^iich 
point  fracture  would  be  expected  to  Initiate. 

The  above  model  predicts  that  an  enclosed  cavity  will  collapse  under 
hydrostatic  cooqpression  by  fractvire  near  its  surface  andt  once  the  collapee 
has  inltiatedi  it  will  continust  due  to  the  effective  increase  in  its  size,  a. 
Thus,  for  a  material  falling  due  to  l^e  collapee  of  spherical  pores,  the 
fracture  initiation  stress  should  be  close  to  or  coincide  with  the  final 
fracture  stress.  This  is  observed  frequently  in  the  case  of  rock  drilling  and 
similar  oiierations.  In  the  present  work  the  fracture  initiation  and  final 
fracture  surfaces  were  measured  for  specimens  of  Plaster  of  Paris  under 
hydrostatic  compression  and  the  results  appear  to  support  the  above  model  as 
will  be  discussed  later  in  this  section. 

2.2.  Brief  review  of  the  literature  on  the  comoressi^.e  fracture  of  f^ramica. 

The  experimental  investigation  of  the  corapressive  strength  and  failure 
characteristics  of  ceramics  is  imperative  both  for  the  provision  of  strength 
data  for  the  design  of  ceramic  load~bearing  components  and  structural  elements 
and  for  the  provision  of  accurate  microstructiuaJ.  data  to  enable  theoreticiaois 
to  construct  new  theories  on  compressive  fractvire  and  to  test  existing 
theories.  The  current  and  potential  applications  of  ceramics  range  from 
high-strength  high-tenqperature  applications  such  as  jet  and  internal 
combustion  engine  components  to  high-wear  resistance  applications  six^h  as 
those  relating  to  impact  and  erosion.  In  most  applications  the  components  are 
subjected  to  very  complex  stiess  situations  involving  both  compressive  and 
tensile  stresses.  The  main  difficulty  in  measuring  the  compressive  strength 
characteristics  of  brittle  materials  concerns  the  need  for  very  accurate 
adignment  procedures  in  order  to  avoid  any  bending  moments  on  the  specimens. 
This  invariably  has  resulted  in  large  fl\x:tuations  between  results  reported  in 
the  literature  for  similar  materials. 

Although  a  fairly  large  amount  of  information  on  the  failure  characteristics 
of  brittle  structural  materiads  with  laurge  densities  of  pre-existing  faults. 
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such  as  rock  and  concrete,  has  bam  reported  In  the  literature 
[61,63,65,72-80],  only  a  very  limited  ntnber  of  studies  on  the  coopressive 
stroiitfth  [84-91]  and  the  microstinjctural  failure  characteristics  [92-94]  of 
"high-technology”  ceramics  has  been  reported.  All  the  data  found  in  the 
literature  have  beoi  sunmarlzed  in  Table  2.1. 

The  first  reported  careful  measurement  of  the  uniaxial  coopressive  strength 
was  of  a  low  density  Al^O^  ceramic  [91]  using  cubic  specimens  compressed  by 
lubricated  WC-Co  anvils  and  resulted  in  a  very  high  compressive  stroigth  for 
this  type  of  specimen  ( see  Table  2.1).  Another  early  systeomtlc  investigaticxi 
of  the  compressive  strength  of  99.5%  Al^O^  under  various  multiaxial  stress 
states  [86]  utilised  straight  walled  tubular  specimens  for  both  uniaxial  and 
biaxial  compression  tests  and  found  that  the  ratio  of  uniaxial  coopressive 
str«)gth  to  tensile  strength  was  7.5  whereas  the  ratio  of  biaxial  coopressive 
stress  to  tensile  strength  was  as  high  as  22.  At  about  the  same  time  Sedlacek 
[87]  carried  out  compressive  and  tensile  strength  measurements  on  rings  of 

3 

similar  material  (99.5%  AI2O2,  grain  size  a  20/jb,  p  at  3.85g/cm  )  and  reported 
a  compressive  to  tensile  straigth  ratio  of  «  14. 

Later,  Sines  and  Adams  [84,88-90]  developed  very  accurate  experimental 
techniques  for  measuring  the  uniaxial  and  biaxial  compressive  strengths  of 
strong  very  brittle  materials  such  as  ceramics.  They  measured  the  compressive 
and  tensile  strength  of  thin  tapered  walled  cylinders  of  identical  material  to 
that  used  in  [86,87]  and  found  that  the  bicucial  compressive  strength  was  only 
s5%  higher  than  the  uniaxial  compressive  strength  (actually  the  1:0.01 
compressive  stength)  and  approx.  18  times  the  tensile  strength.  It  was 
reported  that  for  that  specimen  configuration  and  loading  geometry  (the 
specimen  had  a  gauge  wall  thickness  of  -Snm)  the  compressive  strength  of  the 
material  did  not  vary  significantly  with  transverse  compressive  load.  This  was 
in  contradiction  with  the  previous  published  work  but  they  explained  their 
results  by  suggesting  that  previous  investigators  may  not  have  paid  enough 
attention  to  the  extreme  difficulty  in  aligning  the  loading  syst^  in  uniaxial 
tests.  Their  resiilts  show  little  scatter  and  it  appears  that  the  scatter 
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Table  2.1.  Literature  results  on  the  CQiq>ressive  strength  of  ceramics 


Material 

Axial  fracture 
strength,  GE^ 

Ref. 

fffffpreaaiQn 

99. 5X  ^2^3  *  cube 

3.1 

91 

99. 5X  AI2O2  :  open-«ided  thin-walled  rings 

3.09  +  0.25 

87 

99.5X  A  2  •  open-ended  thin-walled  rings 

1.75 

86 

99.5%  AI2O2  :  short  rods 

3.0  -  3.8  * 

92 

"82X  Zircxxiia"  :  thin-walled  cylinders 

0.16  +  0.01 

84 

Biaxial  ConinresaicHi  ) 

99. 5X  AlnOq  :  open-ended  thin-walled  rings 

(1:0.5) 

3.0 

86 

99. 5X  AloOo  :  thin-walled  cylinders  (1:0.01)  $ 

3.40  +  0.15 

88 

99.5X  AI2O2  :  thin-walled  cylinders  (1:0.1) 

$ 

3.75  +  0.08 

88 

99.5X  AI2O2  :  thin-walled  cylinders  (1:0.5) 

$ 

3.55  +  0.16 

88 

99. 5X  AI2O2  :  thin-walled  cylinders  (1:0.8) 

$ 

3.64  ±  0.1 

88 

99.5X  AlgOg  :  thin-walled  cylinders  (1:1)  $ 

3.21  ±  0.16  9 

88 

*  :  increases  with  incr.  strain  rate,  9  :  cracked  on  preloading 

—6  —1 

$  :  stress  rate  ai  2.5  MEWsec  st  7x10  sec 


decreases  with  increasing  transverse  conpressive  stress  as  one  would  expect 
assuming  weakest-link  failure  statistics  [88].  Ihe  observed  independence  of 
failure  level  to  confining  stress  level  contrasts  with  the  findiiigs  of  the 
strong  dependence  of  compressive  strength  on  transverse  stress  for  rock  suid 
concrete  and  will  be  discussed  briefly  later. 

Adams  and  Sines  [90]  also  investigated  the  onset  of  spalling  in  their 
tubular  ^2^3  found  that  spalling  away  from  the  ends  of  the 
specimens  initiates  at  only  25X  of  failure  stress  auid  that  a  considerable 
proportion  of  the  sxirface  area  of  the  specimais  is  spalled  at  failure.  They 

6  7 

calculated  that  a  vexy  large  nunber  of  flaws  (slO  to  alO  )  initiate  cracks 
prior  to  final  failure. 
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The  effect!  of  strain-rate,  temperature  and  enviromient  on  the  uniaxial 
compressive  strength  of  hitfi  density  AI2O2  were  studied  fay  Lankford  [92,93] 
using  cylindric  1  rod  specimms  taking  care  to  avoid  misaligmnt  probleois  and 
adverse  effects  of  specimen  preparaticxi  flaws.  He  reported  that  the 
compressive  strength  increased  oonotcxiically  with  strain  rate  (up  to  45%  over 

nine  orders  of  magnitude  increase  in  4)  faut  no  significant  differ»ce  was 
ofaserved  in  different  aavircximaits  (air,  H2O  and  inert  atmosphere).  The  effect 
of  temperature  in  the  range  -200«C  to  900*C  was  more  cooqplex  and  similar  to 
the  effect  on.  the  tensile  strength  [93].  The  strength  was  observed  to  decrease 
with  increasing  temperature,  increase  suddenly  to  a  maximun  at  approx.  200«C 
and  then  decrease  again.  The  extrapolated  strength  at  absolute  zero  was 
indicated  as  4.2G3E^  as  compared  to  an  ambi^t  temperature  value  of  9t3GPa.  He 
also  carried  out  acoustic  emission  and  SEM  microscopic  investigations  of 
deformed  specimens  and  reported  that  the  rate  dep^ident  mechanism  is 
deformation  twinning  which  is  thermally  activated,  initiates  at  25%-50%  of  the 
failure  stress  level  and  nucleates  microcracks  at  twin/grain  boundary 
intersections.  He  found  that  crack  growth  is  not  important  until  the  later 
stages  of  microfracture  coalescence.  It  was  suggested  that  twinning  was  one  of 
the  mechanisms  of  crack  nucleation  beneath  sharp  indenters,  during  impact  of 
sharp  particles  in  erosive  situations  (in  which  twinning  and  associated 
lateral  crack  formation  [95,96]  can  persist  to  high  impact  velocities)  and 
possibly  during  toisile  deformation  at  low  temperatures. 

The  compressive  strength  of  only  two  other  ceramic  materials  was  found  in 
the  literature:  Sines  and  Adams  [84]  reported  the  results  of  carefiil 
experiments  on  the  uniaxial  coopr  ss  e  and  tensile  strength  of  "82%  dense 
Zirconia”  (no  other  information  given)  using  their  specimen  configuration  as 
used  for  the  AI2O2  tests  and  found  a  compressive  to  tensile  strength  ratio  of 
atl.S.  Tappin  et  al  [85]  reported  biaxial  measiuaments  on  reaction -sintered  SiC 
tubular  specimens.  They  measured  the  tensile/tensile  and  tensile/coopressive 
fedlure  stress  for  as-sintered,  notched  and  indented  specimens  and  found  that 
although  the  coopressive- tensile  fracture  ratio  at  the  same  transverse  tensile 
stress  was  approximately  constant  in  all  cases  at  a6,  the  absolute  value  of 
the  fracture  stress  decreased  from  the  untreated  to  the  notched  to  the 
indented  specimens. 
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The  effects  of  conqpressive  cycling  on  the  crack  growth  of  various  ceramics 
(AlgOg  and  MgO-PSZ)  has  been  reported  by  Suresh  and  co-workers  (see  e.g.  [94]) 
who  found  that  the  application  of  cyclic  compressive  loads  to  notched  plates 
of  ceramics  leads  to  stable  crack  growth  in  a  direction  perpendicular  to  the 
coopressive  diiection.  These  findings  seem  to  corroborate  the  findings 
reported  by  Lankford  [96]  in  connection  with  the  nucleation  of  lateral 
microcracks  at  points  of  compressive  impact  by  sharp  particles.  They 
calculated  that  a  far-fleld  compressive  stress  induces  a  tensile  residual 
stress  at  the  notch  tip  andi  by  considering  a  number  of  differ^t  brittle 
systems,  developed  a  generalized  constitutive  formulation  to  explain  the 
phenomenon. 


Comparison  between  the 
SSOiSSj. 


issive  fractiire  characteristics  of  ceramics  and 


It  would  be  instructive  to  coopare  the  findings  reported  above  on  the 
compressive  behaviour  of  ceramics  to  those  reported  for  ixxsks  and  cements  in 
order  to  try  to  arrive  at  any  possible  correlations  between  the  bulk  and 
microstructural  compressive  failure  characteristics  and  the  density  and 
distribution  of  flaws  in  a  brittle  material. 


Because  of  their  extr^ne  inportance  in  engineering  and  earth  sciences,  rocks 
and  concrete  are  the  most  widely  studied  brittle  materials  both  in  terms  of 
their  compressive  failure  characteristics  and  their  deformation  behaviour.  By 
their  nature  and  processes  of  formation  rocks  contain  a  very  large  density  and 
wide  distribution  of  flaws  such  as  pre-existing  macro-  and  microcracks,  pores, 
weak  grains  and  interphase  boundaries  which  have  been  found  to  be  strong  crack 
initiator  [65].  The  large  density  of  flaws  results  in  a  large  initial 
compressive  compliance  vdiich  decreases  sharply  with  increasing  applied 
compressive  stress  to  the  level  of  the  canpliance  of  an  uncracked  solid 
saanple  [65,75].  The  compressive  strength  of  ..ucks  has  been  found  to  be 
strongly  dependent  on  confining  compressive  stress  with  up  to  a  ten- fold 
increase  in  ccxnpreasive  strength  achieved  by  a  small  increment  in  the  mean 
stress  as  disciissed  in  [65]  and  shown  in  fig. 2. 5.  Similar  results  have  adso 
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Normabtd  Confining  Prtssurt  a/C* 


xi.2.5.Experijnen^  results  and  conparison  with  various  theories  on  the 
reia^on  between  ccnpressive  strength  and  confining  pressiire  for  rocks 
tested  at  room  temperature  (Ohnaka,  1973).  (Referred  to  in  [65]). 
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been  reported  for  concrete  [6S].  Brace  and  co-workers  (reported  in  [65]  and 
[75])  have  shown  that  brittle  rooks  tested  in  triaxlcd  compression  show 
dllatancy  when  the  dlfferonce  betweoi  the  maximun  stress  and  the  transverse 
stress  (o^-o^)  reaches  1/3  to  1/5  of  the  saxlmum  value.  Significant  increase 
in  void  density  which  results  in  dilatation  is  due  primarily  to  inelastic 
deformation  in  the  radial  direction  which  has  been  attributed  to 
stress- induced  mlcrocracking  parallel  to  o^.  SEM  studies  of  the  mloromechanlcs 
of  dllatancy  and  conqpresslve  fracture  by  in-sltu  [97]  or  post  failure  [65,75] 
techniques  have  shown  that  the  stress- induced  cracks  are  sharp-tipped, 
relatively  straight,  are  oriented  approximately  parallel  to  the  maximum 
compressive  stress  and  are  mostly  transgrannular.  Tapponier  and  Brace  [75] 
have  concluded  that  dllatancy  is  primarily  the  ccxisequence  of  two  types  of 
fracture:  the  widening  and  extension  of  pre-existing  flaws  and  the  initiation 
and  propeigation  of  cracks  at  sites  with  high  contrast  in  elastic  moduli  such 
as  transverse  grain  boxindaries  between  different  materials.  All 
microstructural  studies  of  compressive  fracture  indicate  that  the  the 
stress-induced  cracks  are  the  result  of  Mode  I  growth  in  toision  with  no 
evidence  of  either  Mode  II  or  Mode  III  growth  of  pre-existing  microcracks 
prior  to  the  onset  of  failure.  This  agrees  with  the  predictions  of  the 
microcrack  extension  models  driven  by  the  shear  offset  of  pre-existing  cracks. 
Significantly,  localized  deformation  extending  over  a  continuum  element  wit  x 
grains  of  all  mineral  types  was  not  observed  in  any  SEM  investigation  until 
the  sample  had  been  deformed  well  into  the  post-failure  stage  [65].  Thus  it 
appears  that  a  continuum  deescription  of  the  mechanical  behaviour  of  a  brittle 
polycrystalline  raateried  such  as  rock  is  adequate  only  over  a  continuum 
element  large  enough  for  the  effects  of  grain  scale  inhoroogeneity  and 
anisotropy  to  average  out. 

The  contrasting  results  ou  the  effects  of  transverse  confining  pressure  on 
the  curnressive  strength  of  rocks  and  ceramics  as  discussed  above  ai^ar  to 
indicote  that  the  crack  nucleation  and  propagation  characteristics  in  the  two 
different  classes  of  brittle  materials  may  be  governed  by  the  nature,  density 
and  distribution  of  pre-existing  flaws  in  the  samples.  As  reported  by  Lankford 


[96],  cntck  nuoleatlon  and  propagation  in  a  high-dmaity  high-strength  Al^O^ 
ceramic ,  which  contains  a  very  small  density  of  pre-existing  microcracks,  is 
governed  nainly  by  the  amount  of  deformation  twinning  and  not  as  much  by 
extmsion  of  pre-existing  microcracks  as  evidenced  from  his  acoustic  anission 
deformation  studies.  Ihus,  crack  initiation  in  high  density  materials  appears 
to  be  less  dependent  than  the  propagation  of  these  cracks,  on  the  level  of  any 
transverse  cosqpressive  stress  confining  the  specimen.  Hie  results  reported  by 
Sines  and  Adams  suggest  however  that  even  crack  propagation  of  initiated 
cracks  is  not  inhibited  to  any  significant  degree  by  confining  pressure.  In 
contrast,  the  compressive  fracture  characteristics  of  rocks,  ceotemt  and  other 
materials  with  large  densities  of  pre-existing  flaws  of  various  sizes,  depend 
primarily  on  the  extension  of  existing  microcracks  by  shear  offset.  Any 
confining  transverse  compressive  stress  would  be  expected  to  increase 
significantly  the  frictional  force  across  pre-existing  crack  faces  and  thus 
increase  the  compressive  stress  needed  to  initiate  and  propagate  wing  cracks 
in  the  material.  In  this  regard  it  would  be  particularly  iiqportant  to  carry 
out  in-situ  SEM  compressive  fracture  studies  of  brittle  materials  with  a  wide 
range  of  flaw  and  microcrack  distribution  in  order  to  ascertain  whether  there 
is  a  threshold  microcrack  density  and/or  size  at  which  deformation  twinning 
stops  playing  an  important  role  in  the  fracture  process  and  sigmoidal 
extension  of  existing  microcracks  begins  to  predominate.  The  future  work  in 
this  project  will  attempt  to  address  this  question. 
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?  Rypftr-i  mental  study  of  the  failiar^  fihAracteristica  of  a  model  brittle 

In  order  to  study  the  failure  mechanisms  of  brittle  loaterials  under 
compression  it  was  decided  to  avoid  high  strength  ’’real”  materieds  that 
pxes«it  the  normal  prejneLration  difficulties  and  stijdy  a  model  brittle  material 
that  could  be  msinufactured  eeuaily.  Ihe  motivation  behind  this  line  of  action 
was  the  need  to  investigate  the  effects  of  flaw  distribution  and  density  on 
the  compressive  and  tensile  failure  characteristics  smd  possible  correlations 
with  the  micromechanics  of  failure. 

A  number  of  considerations  were  taken  into  account  in  deciding  the  material 
to  be  used  for  these  stixlies: 

a.  It  should  be  easy  to  manufacture  to  various  densities. 

b.  It  should  easily  allow  the  incorporation  of  controlled  density  and 
distribution  of  flaws. 

o.  It  should  not  display  any  microplasticity  up  to  the  fracture  load. 

d.  It  should  have  low  enough  strength  in  tenaioi  and  compression  to 
enable  strength  measurements  at  easily  accessible  loads  under  various 
stress  states. 

A  material  that  appears  to  iiKJorporate  the  above  properties  is  Calcium 
Sulfhate  Hemihydrate  or  Plaster  of  F^is  and  it  was  decided  to  use  it  as  the 
model  brittle  material  for  these  studies. 

2.3.1.  The  material 


Plaster  of  Paris  is  essentially  Calcivan  Sulp^a'ie  Hemihydrate,  CaSO^.Va 
and  is  made  by  heating  gypsum  between  120«C  -  160<*C  : 

CaSO^.2  CaSO^.  Va  HjO  +  IV*  H^O 

When  plaster  of  Paris  is  mixed  with  water  the  reverse  reaction  takes  place: 
water  is  reabsorbed  with  the  formation  of  gypsvan.  Itiis  takes  place  by  the 
production  of  localised  regions  of  gypsun  because  hemihydrate  has  about  five 
times  the  solubility  of  gypsum  in  water.  The  reewstion  is  exothermic  and 
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results  in  a  coher«fxt  mass  thro\ji^  the  interlocking  needle  shaped  gypsum 
crystaLLs.  From  the  above  equation  it  can  be  seen  that  only  18.6wt%  Tmiter  is 
needed  for  rehydration.  Because  the  amount  of  water  used  in  setting  far 
exceeds  the  amount  reqtiired  for  rehydration  to  enable  casting,  the  excess 
water  evaporates  Uhich  results  in  a  highly  porous  product.  The  true  d^isity  of 

the  hemihydrate  is  about  2750  kg/m*  and  that  of  the  dihydrate  about  2320 

kg/m*,  so  a  contraction  on  setting  would  be  expected  but  the  arrangement  of 
the  crystals  is  such  that  setting  results  in  a  volume  expansion  of  aj^prox. 
0.5%  (in  the  case  of  a  mixture  of  P/W  =  100/70  [98].  Some  of  the  properties  of 
the  material  as  found  in  the  literature  are  tabulated  in  Table  2.2 

Table  2. 2 .Some  properties  of  Plaster  of  Paris  reported  in  the  literature  [98]. 


Properties  of  dried  mixture  with  P/W  wt. ratio  *  100/70 


Molecular  weitsliv  (CaSO^  =  93.8%,  HjO  =  6.2%)  154.16  [99] 

Density,  Kg/m*  1.06 

Ult.  Caapr.  Strength,  MPa  12.76 

Modulus  of  rupture,  MPa  7.4 

Internal  siirface  area,  m*/kg  -500 

Mean  pore  radius,  /urn  ~2 

Volume  porosity,  -50% 

Permeability  to  air,  Gm*s-^/G0i  water  2x10-* 

Permeability  to  water,  cm*a-*/can  Hg  10-'^ 


Set  plaster  of  Paris  is  very  sensitive  to  any  temperature  treatment  as  the 
hydrated  gypsum  crystals  lose  water  and  convert  to  hemihydrate  with  very 
serious  loss  in  mechanical  properties  as  detailed  in  the  Appendix  [98]. 

The  CaSO^.Va  HgO  starting  powder  was  obtained  from  British  Drug  House.  All 
specimens  were  made  by  mixing  thoroughly  a  predetermined  amount  of 

CaSO^.^/a  HgO  (determined  from  the  preliminary  investigations)  with  distilled 
water,  removing  all  air  trapped  in  the  suspension  and  casting  into  split 
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rectangular  (approx,  size  lOxlOxlOOnm)  or  cylindrical  (approx,  size  lOnm 
diameter  x  SOnm  height)  moulds  shotm  in  fig. 2.6  and  allowing  them  to  cure  for 
a  minimum  period  of  7  days  until  fully  cured.  The  effects  of  curing  time, 
powder  to  water  ratio,  curing  tenpeiattire  etc  on  some  mechanical  and  elastic 
propeirties  of  the  specimens  su'e  included  in  the  Appendix.  Specimens  of  higher 
density  than  that  of  the  as-cast  specimens  were  obtained  by  forcing  some  of 
the  water  out  of  the  mould  immediately  after  casting.  The  morphology  of 
GLS-cast  emd  higher  density  specimens  is  shown  in  fig. 2. 7.  Ihe  material  appesue 
to  be  predominantly  mechanically  bonded  with  probably  some  degree  of  weak 
chemical  bonding  between  the  grains  due  to  the  low  solubility  of  CaSO^  in 
water.  Figure  2.7  shows  clearly  the  idgh  degree  of  cross-linking  and  the  very 
high  degree  of  microporosity  between  the  grains  due  to  the  water  used  in  the 
castixi.^  process.  The  grains  have  a  high  suspect  ration  (up  to  approx.  10)  and 
average  size  of  approx.  2-3/mi  x  10-15/um.  S£M  examination  of  the  grains  after 
large  amounts  of  deformation  indicated  that  the  grains  are  brittle  without  any 
evidence  of  microplasticity.  In  addition,  the  samples  contain  small  numbers  of 
approximately  spherical  pores  probably  due  to  trapped  water  during  casting, 
which  decrease  in  size  with  increasing  bulk  density  of  the  material,  as  shown 
in  fig. 2.8.  These  pores  were  found  to  be  the  main  sources  of  failure  in  the 
materied.  Great  care  was  taken  always  during  production  to  avoid  contamination 
of  the  specimens  during  casting,  s\x3h  as  lint,  dust  etc. 

Determination  of  the  theoretical  packing  density  of  the  material. 

It  was  found  necessary  to  determine  the  maximum  theoretical  density  of 
cast  material  in  order  to  obtain  a  quantitative  measure  of  the  total  porosity 
of  the  specimens.  The  density  of  set  pleister  vBU’ies  widely  with  preparation 
conditions  and  so  it  was  not  possible  to  rely  on  the  density  given  in  the 
literature.  In  addition,  because  of  the  rehydration  reaction  the  final 
theoretical  density  of  the  material  may  not  be  equal  to  the  theoretical 
density  of  gypsum.  The  determination  was  csurried  out  by  compressing  constant 

amounts  of  water  reacted  and  dried  CaSO^.‘/j  HgO  powder  isostatically  under 
increasing  pressure  up  to  approx.  SOOMPa  and  then  measuring  the  density  of  the 


Fig. 2. 6. One  of  the  split  plastic  motalds  used  to  cast  the  CaSO^  specistens. 
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Fig.2.8.Low-iDagnification  photographs  of  fracture  surfaces  of  (a):  SOX 

relative  density  and  (b);  70%  relative  density  specimens. 

i 

h 


70 


resulting  conqpacts.  Ihe  results  are  shown  in  fig. 2. 9.  By  extrapolation  the 
mKcinnin  theoretical  d^iaity  of  cast  material  was  determined  to  be  2.35  kg/m*. 

As  mentioned,  the  material  contains  a  large  nvoaber  of  spherical  pores 
produced  by  water  trapped  in  the  mixtvure  during  casting.  These  pores  were 
found  to  decrease  in  size  for  the  higher  density  material.  From  fractographic 
analysis  of  fractux^ed  specimens  it  is  obfvious  that  they  play  a  major  role  in 
the  fractuire  process  under  all  loading  conditions.  In  order  to  conpare  the 
data  for  crack  initiation  under  compression  with  the  predictions  of  Ashby  et 
ail  [66,68],  the  mean  pore  size  as  a  function  of  of  the  density  of  the 
specimens  was  determined  by  meaisiiring  a  number  of  pores  (minimum  5  randomly 
selected  fractixre  surfaces)  for  each  density  level.  The  results  an  shown  in 
fig.  2. 10. 

2.3.2.  The  mechanical  and  elastic  properties  of  the  material. 

Due  to  the  sensitivity  of  the  elastic  and  mechanical  properties  of  the 

material  to  the  various  processing  parameters  and  environmental  factors  (see 

Appendix)  and  the  scarcity  of  any  reliable  information  in  the  literature,  it 

was  decided  to  measure  the  elastic  and  the  mechanical  properties  of  the 

materiskl  as  functions  of  the  relative  density  and  associated  pore  size  prior 

to  investigating  its  failure  characteristics.  Hie  properties  measured 

included:  the  Young’s  modulus  (by  four-jioint  bending  under 

uniaxiad.  compression  (E^  _  ) ) ,  the  modulus  of  rupture  under  3-  and  4-point 

bending  (^**3  MOR^) ,  the  fracture  toughness,  by  4-point 

straight-edge-notched-beam  (SENB),  the  uniaxial  tensile  strength  (o^)  atxl  the 

uniaxial  compressive  strength  (o  ) .  In  addition,  the  compressive  strength 

c 

under  purely  hydrostatic  conditions  was  also  measured,  in  order  to  construct 
the  failure  surface  of  the  material  and  compeure  with  the  theoretical 
predictions  (the  compressive  strength  under  triaxial  aucisynmetric  conditions 
will  be  mesisured  in  the  imnediate  future) .  The  results  for  the  as-cast 

material  are  summarised  in  Table  2.3. 


CaS04:  Density  versus  Compaction  Pressure 
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Pore  dian 
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Table  2.3.  Sunnary  of  the  properties  of  the  as-cast  material. 


Ratio  of  poMder  to  water,  by  weight  100:62.5 

Curing  time,  mininun,  days  7 

Curing  teo^ierature,  «C  20  +  5 

Relative  hvmidity  during  curing,  %  60  +20 


prop?ni?g 


Theoretical  density,  g/cm* 

Density,  g/cm* 

Total  porosity  content,  % 

Mean  diameter  of  spherical  macropores,  /Jn 
Mean  diameter  of  micropores,  fjsa 
Mean  grain  size,  /jn 

Elastic  and  properties. 

Young’s  mcxlulus,  GPa  (bending) 

Young’s  modulus,  GPa  (uniaxial  compression) 

Modulus  of  rupture  (3-point  bending,  75%  water),  MPa 
Modulus  of  Ruptvire  (4-point  bending),  MPa 
Weibull  modulus, 

Fracture  toughness  (SENB),  MPamV* 

Uniaxial  canpressive  strength,  MPa 
Hydrostatic  compressive  strength,  MPa 
Uniaxial  tensile  strength,  MPa 


2.35 

1.17  +0.03 
51  +  2 
212  +  18 
2  +  1 
3  X  15 


4.5  +  0.1 

4.6  +  0.3 
5.5  +  0.7 
5.8  +  0.6 
6.2 

0.14+0.015 

14.6  +  0.9 

19.2  +  1.4 

3.2  +  0.6 


a.  The  bending  experiments. 

These  experiments  were  carried  out  to  measure  both  the  three-  and 
four-point  bending  modulus  of  rupture  of  the  material  as  well  eut  the  Young’s 
modulus  in  bending.  They  were  carried  out  using  rectangular  specimens  of  cross 
section  10  tO.lnin  x  10  tO.lmm  and  a  length  of  appixsc.  90ain.  All  the  specimens 
were  very  lightly  ground  using  1000  grade  SiC  paper  prior  to  testing  in  order 
to  remove  the  outer  layer  of  the  specimens  idiich  was  found  to  have  a  different 
morphology  to  the  bulk  of  the  specimens.  The  parallelism  of  the  specimens  was 
within  0.1%  (O.Olmm).  The  MOR  tests  were  carried  out  on  a  rigid  bending  jig 
used  predominantly  for  testing  ceramics  on  an  INSTRON  lOOkN  testing  press  with 
a  O-IOON  load  cell  at  a  loading  rate  of  50pm/min  and  the  MCS  values  were 


74 


calcxilated  using  the  well-known  equations: 


Edad 
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where 


P  3  fracture  load  (N) 

s  >  the  roller  span  in  the  case  of  Sl.Onm  in  all  experiments. 

Js  s  the  difference  between  major  and  minor  spans  in  MOR^. 

I  3  2nd  moment  of  area  of  specimen  *  bd*/12  (b  *  width  of  specimen) 
d  3  height  of  specimen. 


All  the  specimens  displayed  purely  elastic  behaviour  up  to  fast  fraction  and 
no  plsisticity  was  evident  in  any  of  the  teats.  Tbe  determination  of  the 
Young's  modulus  of  the  material  was  carried  out  by  calibrating  the 
load-extensicxi  characteristic  of  the  materisd  using  an  precision  ground  steel 
specimen  of  identical  size  to  the  CaSO^  specimens  and  calculating  the  gradient 
dP/dx  of  the  load-deflection  curve.  For  these  measurements  it  was  found 
necessary  to  cycle  the  specimens  a  minimun  of  six  times  by  loading  to  approx. 
70%  of  fracture  load  until  the  gradient  of  the  load-deflection  reached  a 
maximum  (usually  after  approx,  three  cycles),  prior  to  calculating  the 
gradient  of  the  curve.  This  is  thought  to  be  due  to  the  need  for  "bedding  in" 
the  speciimens  on  the  rollers  of  the  bending  Jig.  It  was  found  that  cycling 
reduced  the  fracture  load  substantially  probably  due  to  some  fatigue 
microcracking  and  thus  the  MCXl  measurements  were  carried  out  on  fresh 
specimens.  The  Young's  modulus  for  four-point  bending  was  calculated  using 
basic  eleistic  deflection  theory  as: 


-  ^  da* 
oend  ”  dx  4bd* 


2.8 


The  final  values  of  MOR^  and 

tabulated  in  Table  2.3.  and  the  variation  of  with  relative  density  and 

associated  pore  size  is  shown  in  fig. 2. 11.  Tbe  variations  of  the  above 
quantities  with  processing  parameters  are  discussed  in  the  Appendix. 


for  the  as-cast  specimens  aure 
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b.  The  fracture  toughness  tests. 

The  measureniKXt  of  the  fracture  toughness  of  a  weak  material  such  as  this 
presents  special  problems  mainly  related  to  the  effect  of  a  finite  radius  of 
curvature  of  the  notch.  However,  the  microstructure  of  the  material  ensured 
that  although  the  notching  of  the  specimen  was  carried  out  using  a  sharp  razor 
blade  of  tip  radius  approx.  O.OSom,  there  was  always  a  sharp  microcrack 
beneath  the  notch  of  depth  comparable  to  the  grain  size.  This  was  corroborated 
by  the  relative  insensitivity  of  the  fracture  toughness  to  smsdl  variations  in 
notch  width.  The  fracture  toughness  measurements  were  carried  out  on  identical 
rectangular  specimens  as  the  ones  used  for  the  bending  testa  in  four 
point-bending  using  a  straight  edge  notch  beam  configuration  on  the  INSTRO^ 
lOOkN  testing  press  using  a  O-IOON  load  cell.  The  loading  rate  was  kept 
constant  at  SO/sn/odn.  The  calculation  of  was  carried  out  using  the 
analysis  of  Strawley  and  Gross  [100]: 


K  P  ite  3r7a 

"  Wd  d  2(l-<x)^ 


2.9 


where  r  »  1. 9887-1. 326a-(3. 49-0. 68a+1.35a*)a<l-a)/(l+a)* 

<x  s  a/d  ,  a  3  notch  depth 

P  ■  load  at  fracture,  N. 

b  3  width  of  specimen 

d  3  height  of  specimen 

ds  3  span  differ«ice  in  4-point  bending. 

The  value  for  as-cast  material  is  included  in  Table  2.3.  The  variation 

of  with  relative  density  and  associated  pore  size  is  shown  in  fig.  2.12. 
The  variation  of  with  processing  parameters  is  discussed  in  the  Appendix. 

c.  The  tensile  strength  tests. 


These  proved  to  be  the  most  difficult  tests  to  carry  out  due  to  the  extreme 
difficulty  in  aligning  the  samples  and  their  very  low  strength.  In  order  to 


CaS04:  Kic  vs  Rel  Density 
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Fig. 2. 12. Fracture  Tou^iness,  K,  ,  as  a  function  of  the  relative  density 
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avoid  any  miaalignamt  bending  streenes  as  well  as  prenature  cracking  of  the 
specimens  in  the  gripe,  special  rubberised  split  grips  were  designed  which 
provided  effective  gripping  of  the  specimKis  without  hij^  hoop  stresses.  The 
tests  were  carried  out  with  cylindrical  gauged  specimms  on  the  INSmCM  lOOkN 
testing  press  using  a  O-IOON  load  cell  with  self-aligning  specimon  holders  at 
a  loading  rate  of  50^lll/lllln.  Hie  specimens  were  aligned  extreaiely  carefully  and 
only  results  of  specim^is  that  fractured  in  the  middle  of  the  gauge  length 
were  accepted.  Hie  specimen  she^ie  and  size  is  shown  in  fig. 2. 13  together  with 
the  rubberized  grips.  In  all  tests  the  specimens  displas^  pure  elastic 
behaviour  without  any  evidence  of  plasticity  up  to  the  fracture  load.  Hie 
results  are  tabulated  in  Table  2.3  and  the  variation  of  with  relative 
daisity  and  associated  pore  size  is  shown  in  fig. 2. 14.  No  experiments  were 
carried  out  cxi  the  effect  of  processing  parameters  on  the  tensile  strength. 

Hiese  tests  were  carried  out  on  cylindrical  as-cast  and  high  density 
specimens  using  the  INSH^  lOOkN  testing  press  with  a  0-5kN  load  cell  at  a 
loading  rate  of  lOOpm/min.  To  avoid  possible  misalignment  problems  the 
specimens  were  prepared  very  carefully  prior  to  testing  by  grinding  the  ends 
manually  on  1000  grade  SiC  paper  using  a  specially  designed  spring  loaded 
polishing  Jig.  Hiis  preparation  procedure  resulted  in  parallelism  to  better 
than  Sjum/cm  and  perpendicularity  with  respect  to  the  sides  of  better  than 
0.2«.  To  avoid  chipping  and  spalling  of  the  ends  of  the  specimen  and  reduce 
friction  betweoi  anvils  and  specimen  surface,  soft  paper  shims  were  used  in 
all  tests.  All  the  tests  displayed  a  significant  amount  of  dilatation  after 
macrofracture  initiation  (as  evidenced  by  a  sudden  change  in  the  gradient  of 
the  load-contraction  curve)  and,  near  final  fracture  the  specimen  displayed 
very  strong  pseudo-plastic  characteristics.  On  failure,  the  load  dropped  by 
approx.  20%-25X  of  fracture  load  and  then  displayed  cyclic  behaviour 
indicating  very  stable  crack  propagation.  In  most  esses  the  cyclic  behaviour 
continued  even  after  a  total  strain  of  up  to  15X  with  only  minor  reduction  in 
the  load  range  between  min  and  maximum,  as  shown  in  fig.  2.15  whic^  is  a 
load-ccaitraction  cvirve  for  one  of  the  tests.  Later  in-situ  optical  and  SEM 


One  of  the  tensile  specimens  used  for  measuring  the  tensile  strength. 


Fig. 2. 13. 


function  of  relative 
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Fig.  2. 15.  Load-contract  ion  curve  for  a  specimen  tested  in  uniaxial  coopressicMi. 

Circled  numbers  refer  to  optical  photographs  in  fig. 2. 25.  Nunbers 
below  circles  are  nett  strain  (%). 
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observations  of  the  fracture  process  indicated  that  in  most  cases  the  initial 
drop  in  load  corresponded  to  a  shear  crack  at  approx.  30«  to  the  compression 
axis  Pereas  the  load  cyclins;  corresponded  to  the  development  of  longitudinal 
and  further  sheeir  macrofractures. 

The  Young’s  modulus •  E  _ _ ,  of  the  specimens  was  calculated  from  the 

coo^ 

gradit^'.t  of  the  load-contraction  curve  after  calibrating  the  systan  vd.th  a 
precision  ground  WC-Co  cylindrical  sample  of  similar  dimensions.  The  Young’s 
modulus  obtained  from  these  tests  was  found  to  be  very  close  to  the  value 
obtained  from  the  bending  tests.  The  final  results  for  the  eis-ceist  specimens 
£ire  included  in  Table  2.3.  The  variation  of  conpressive  fracture  initiation 
and  final  fractxare  stress  and  Young’s  modulus  with  relative  density  and 
associated  pore  size  are  shown  in  fig. 2. 16  and  2.17  resp.  The  \’ariation  of  the 
compressive  strength  and  Young’s  modulus  with  processing  parameters  is  shown 
in  the  Appendix. 

e.  The  hydrostatic  compress ion  tests. 

These  tests  were  carried  out  as  part  of  the  construction  of  the  failure 
surface  of  the  material  (see  next  section)  and  in  order  to  compare  the  results 
with  the  theoretical  predictions.  The  speciniens  used  for  these  tests  were 
short  cylinders  of  approx,  size  lOmn  diameter  x  lOirm  height.  The  isostatic 
compression  conditions  were  achieved  by  enclosing  the  specimens  in  a  double 
latex  rubber  sheath  and  then  pressurizing  the  encapsulated  specimens  in 
distilled  water  in  specially  designed  PTFE  capsules  in  a  high-pressure  vessel 
as  shown  in  fig. 2. 18.  This  arrangement  has  been  used  successfully  before  by 
one  of  the  author  to  compress  single  crystals  up  to  pressures  of  more  them  1 
GPa.  This  is  achieved  by  the  use  of  the  double  "O"  rir.gs  to  form  a  compressive 
seal  with  the  PTFE  plug  and  cup.  The  arrangement  ensures  also  that  no  air  is 
trapped  in  the  capsule  since  it  seals  hydrostatically  only  on  application  of  a 
significant  pressure.  The  tests  were  carried  out  on  the  INSTRC»I  lOOkN  testing 
press  with  a  O-lOOkN  load  cell  at  a  load  rate  of  100^/min.  All  the  si)ecimens 
displayed  an  elastic  response  up  to  the  point  of  fracture  initiation  which  was 
evidenced  by  a  change  in  linearity  of  the  curve  with  associated  small  steps. 
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Fig. 2. 16. Uniaxial  compressive  sl^rength  and  fracture  initiation  stress  (first 
non-linearity  of  o-e  curve)  versus  relative  density. 


CaS04:  Ecomp  vs  Rel  Density 
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Fig. 2. 17. Young's  Modulus  in  uniaxial  conipression  as  a  functi<»i  of  relative 
density. 
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In  addition,  acme  pseudoplasticity  was  observed  prior  to  final  collapse.  At 
final  collapse  the  load  droi^ied  by  varying  ainoxints  depaxiing  on  the  specimen 
probably  due  to  different  size  of  the  fractijre  initiating  pores.  After  this 
initial  collapse  the  load  recovered  slowly  to  load  levels  higher  than  the 
initial  collapse  value  as  the  specimen  was  cooiJacted  by  the  hyctrostatic  stress 
as  shown  schematically  in  fig. 2. 19.  Some  cycling  was  observed  after  the 
initial  collapse  in  this  case  as  well  but  the  load  fluctuations  ranged  over  a 
smaller  amplitude.  Ihe  final  results  for  the  as-cast  material  are  tabulated  in 
table  2.3  and  the  variation  of  with  relative  density  and  associated  pore 
size  is  shown  in  fig. 2. 20. 


f.  The  axisynroetric  compression  tests. 

These  tests  have  been  planned  to  be  carried  out  in  the  inmediate  future  in 
order  to  try  to  obtain  information  on  triaxial  compressive  stress  failure 
characteristics  and  thus  they  will  cmly  be  introduced  here  very  briefly.  They 
will  be  carried  out  on  enclosed  specimens  using  the  compression  cell 
arrangement  shown  in  fig  2.21.  Ihe  confining  pressure  will  be  provided 
hydrostatically  by  a  hydraulic  piston  ^ilosing  the  main  piston  which  will 
provide  the  axial  compressive  stress.  The  failure  characteristics  will  be 
monitored  by  recording  changes  in  the  axial  load-contraction  curve  under 
various  confining  pressure  conditions. 

2.3.3.  The  failure  surface. 

The  failure  sxirfaces  of  the  material  at  three  density  levels  have  been 
calculated  from  the  results  obtained  above  and  are  shown  in  fig. 2. 22.  where  it 
has  been  assuned  that  the  failure  characteristics  are  symmetric  about  =  o, . 
It  can  be  seen  that  the  failure  envelope  Increases  very  significantly  with 
decreasing  porosity  content  (from  SOX  porosity  to  approx.  309i  porosity)  (or 
pore  size).  The  stress  for  fracture  initiation  appears  to  be  approx.  80%  of 
the  maximum  stress  at  fracttire  in  the  case  of  uniaxial,  compression  and  about 
60%  in  the  case  of  hydrostatic  compression  depending  on  the  density  of  the 
material,  whereas  the  fracture  initiation  stress  under  tension  coincides  with 
the  maximum  stress  at  fracture  as  would  be  expectfd  for  a  brittle  materiad. 
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Fig. 2. 19. Load-contraction  curve  for  a  specimen  tested  in  hydrostatic 
compression . 


Fig. 2. 21.  The  proposed  triaxial 
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Fig. 2, 22a. Fracture  initiation  stress  surftsies  for  Piaster  nf  I%rts  for  three 
densities . 


CaS04:  Final  fracture  surfaces 


Fi^. 2. 22b. Final  fracture  surfaces  for  Plaster  of  Paris  of  various  densities 
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The  present  results  may  be  coopared  with  the  predictions  of  Ashby  and 
co-workers  [66,68]  on  the  Initiation  of  compressive  fracttire: 

In  the  case  of  uniaxial  compression  o,  ■  0  and  equation  2.1  simplifies  to: 


Oj  ■  -1 . eKj^/VsapL^  (holes)  at  ■  -3 , lKj^/,/ira.^  (cracks) 


2.10 


where  a  and  a 
P  c 


are  the  dimensions  of  pores  and  the  cracks  respectively. 


and  thus  a  plot  of  uniaxial  fracture  initiation  stress  (as  determined  by  the 

first  non-lineairity  of  the  load-contraction  curve)  versus  Kj^/Vna  should  be 
linear  through  the  origin  and  yield  a  "best-fit"  value  for  L^.  The  plot  is 
shown  in  fig.  2.23  and  shows  that  the  fracture  initiation  model  fits  the 
observations  very  well  and  the  calculated  (best-fit)  value  for  is  1.5. 
which  is  reasonable  considering  the  morphology  of  the  material  (the 
needle-like  crystals  increase  the  effective  flaw  size  of  a  pore  by  many  times 
and  thus  the  far-field  effect  can  be  considered  as  large  crack). 


In  order  to  compare  the  hydrostatic  compression  model  introduced  in  section 
2.1  above  (equation  2.5)  with  the  results  obtained  in  this  work,  the 
hydrostatic  fracture  initiation  stress,  p.  has  been  plotted  versus  (l-f)iL. 
in  fig. 2. 24.  It  is  clear  that  the  results  can  be  described  quite  well  by  a 
linear  relation  through  the  origin  as  suggested  by  the  model.  Fran  this  graph 
the  "best-fit"  value  of  r/a  is  «  1.2  vhich  agrees  with  the  "critical"  r/a 
value  predicted  by  the  model  and  with  the  value  of  found  for  the  uniaxial 
compression  case  above.  Thus  fracture  initiation  in  this  material  occurs  very 
close  to  the  pore  surface  as  predicted  by  the  model.  More  work  will  be  carried 
out  in  this  regard  to  assess  further  the  feasibility  of  this  model. 


Due  to  the  fact  that  no  triaxial  axisymmetric  experiments  have  been  carried 
out  as  yet,  it  is  not  possible  to  fully  analyse  the  failure  surface  with 
respect  to  the  effects  of  stress  system  and  microstructure  on  the  failure 
characteristics.  It  will  be  analysed  and  discussed  in  detail  in  the  near 
future. 
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2.3.4.  In-situ  optical  and  SEM  obaervatgonB  of  franture  unri^r  n«iiyy«^8aion 

and  the  compresaive  fracture  characteristics  of  CaSO^.  V.  H,0. 

In  order  to  study  the  fracture  characteristics  of  the  material  under 
compression  two  in-situ  studies  of  fracture  under  uniaxial  compression  were 
carried  out,  firstly  with  optical  microscopy  and  secondly  in  the  Scanning 
Electron  Microscope.  In  the  case  of  optical  microscopy  this  involved  the  use 
of  a  35iiin  camera  fitted  with  a  macro-lens  to  enable  focusing  at  a  long 
distance  at  a  maximum  magnification  of  approximately  4x.  A  number  of 
photographs  were  taken  for  a  number  of  compression  tests  at  izregular 
intervals  and  one  set  of  results  are  shown  in  fig. 2. 25  which  corresponds  to 
the  load-contraction  curve  shown  schematically  in  fig. 2. 15.  In  the  case  of  the 
SEM  studies  the  specimens  were  compressed  using  an  instrumented  compression 
Jig  shown  in  fig. 2. 26  especially  designed  for  uniaxial  compression  with 
capabilities  of  campressicxi  at  low  load  rates.  All  the  in-situ  tests  were 
recorded  on  video  which,  in  conjuction  with  the  load-ccxitraction  diagram, 
enabled  accurate  analysis  of  the  fracture  process.  Ihe  specimens  used  for  the 
in-situ  observations  were  rectangular  to  enable  accurate  focusing  during 
observation.  A  series  of  photographs  of  an  SEM  in-situ  test  of  an  as-sintered 
specimen  is  shown  in  fig. 2. 28. 

By  examining  these  figures  and  taking  into  consideration  the  fracture 
characteristics  of  cull  the  specimens  a  number  of  observations  may  be  made  for 
uniaxial  compression: 

a.  In  most  cases  fracture  was  initiated  by  the  fonnation  of  a  shear 
macrocrack  which  was  oriented  at  approximately  30«'-45®  with  the  compression 
axis.  In  many  cases  this  shear  crack  was  axisymmetric  resulting  in  a 
cup-and-cone  type  of  failure  as  shown  clearly  in  fig. 2. 27a.  Hiis  initial  crack 
precipitated  a  load  drop  of  approx.  25X  of  fracture  load.  In  almost  all  cases 
the  shear  crack  nucleation  site  could  be  identified  as  a  large  flaw  on  the 
surface  (pore  etc)  (fig. 2. 28). 

b.  In  some  cases,  on  increasing  strain,  there  was  a  small  recovery  of  the 
load  (ailOX)  and  a  further  drop  due  to  the  propagation  of  a  second  shear  crack 


Fig. 2. 25.  continued. 
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usually  associated  with  the  first  (fig. 2. 28).  Ihe  first  crack  nay  or  nay  not 
continue  propagating. 

o.  On  further  increase  in  strain  the  process  enters  a  stable  phase  with 
extoislve  load  cycling  during  crack  propagation,  with  the  load  in  sooe  oases 
reaching  9SX  of  fracture  load  as  shown  in  fig. 2. 15.  During  this  period 
longitvdinal  cracks  start  nucleating  and  propagate  parallel  to  the  axial 
(cQsqpresaion)  direction  as  shown  in  fig. 2. 25  and  2.28b>g.  This  is  the  longest 
stage  and  nay  continue  up  to  strains  of  ailOX.  Throughout  this  stage  the 
speciisen  has  substantial  load  carrying  capacity. 

d.  The  final  stage  is  reached  vdien  the  longitudinal  cracks  have  propagated 
stably  to  the  eni»  of  the  speolsien  and  slabbing  of  the  specimm  has  becciae 
severe  as  shown  in  the  last  frames  of  figs. 2. 25  and  2.28.  At  this  point  the 
load  decreases  significantly  as  the  specimen  loses  load  canying  capacity. 

Due  to  the  nature  of  the  material  it  was  not  possible  to  carry  out  extensive 
higli  magnlficatlom  SEM  exami.nation  of  the  specimens,  but  it  appeared  that 
there  was  very  little  interaction  between  cracks  unless  they  were  very  close 
to  one  another.  In  many  cases  new  cracks  were  observed  to  initiate  very  close 
to  existing  cracks  and  propagate  stably  parallel  to  one  another  without 
obvious  interaction. 

In  the  case  of  hydrostatic  compression,  some  specimens  were  examined  after 
interrupted  tests  as  well  as  after  final  collapse.  Fig. 2. 27b  shows  a  specimen 
from  a  test  interrupted  after  initial  collapse.  The  fracture  initiation  region 
is  shown  clearly  near  the  top  surface  marking  the  presence  of  a  sub>surface 
Iiore.  Some  specimens  examined  after  initial  collapse  but  before  reaching  a 
high  stress  level  were  observed  to  have  becm  reduced  to  a  form  akin  to  coarse 
agglooierate  powder.  Specimmis  allowed  to  reach  high  stress  levels  were 
observed  to  fora  high  density  ccmpacts  but  of  low  strength  probably  due  to  the 
presence  of  air  in  the  specimen. 

It  is  planned  to  continue  the  microstructural  fractographic  analysis  in  the 
near  future  with  the  aim  of  clarifying  the  underlying  mechanisms  involved  in 
the  fracture  process. 
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It  is  planned  to  continue  both  aspeota  of  the  work  reported  in  this  report 
In  order  to  complete  the  investlfstlMia  on  the  mlcronechanlcs  of  the  R-ourve 
behaviour  of  ceraadca  and  the  characterization  and  utilization  of  CaSO^  as  a 
model  ceramic  material. 

In  the  first  case  It  Is  also  planned  to  carry  out  K^^-crack  length 
measurements  using  short  Double  Cantilever  Beam  specijams  in-situ  In  the  SEM 
In  order  to  check  and  verify  the  prer>«nt  findings  and  to  Investigate  the 
effects,  if  any,  of  loading  geometry  on  the  R-^surve  behaviour  of  the  material. 
A  "Jig"  for  this  purpose  has  already  been  built  and  is  currently  being  tested. 
In  addition.  It  Is  planned  to  carry  out  a  nuoiber  of  high  resolution  in-situ 
experimmits  in  an  advanced  SEM  in  order  to  try  to  study  more  clearly  the 
bridges  observed  between  the  crack  faces. 


In  the  case  of  the  CaSO^.^/,  H2O  modelling  exi^erlmenta ,  it  is  planned  to 
continue  and  extend  the  work  by  investigating  the  effects  of  varloiis  coherent 
and  incoherent  Inclusions  on  the  mechanical  properties  and  the  fracture 
characteristics  of  the  material.  It  is  hoped  to  be  able  to  utilize  the 
material  to  model  the  damage  mechanics  theory  developed  recently. 

In  addition  to  the  above,  it  is  planned  to  initiate  investigations  on  the 
compressive  fracture  of  structiiral  ceramics  both  from  the  microstructural  and 
mechanistic  point  of  view.  In  this  respect,  a  new  "Jig"  has  already  been 
designed  and  is  being  built  for  in-situ  SEM  compression  stvidies  at  high 
stresses  in  order  to  study  the  micromechanics  of  ceramic  compressive  fracture. 
The  investigations  will  encompass  a  nunber  of  different  ceramic  materials  as 
well  as  ccmposite  ceramics. 
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AfVENDIX 

The  effects  of  pfocwiiaing  parmBt^ra  and  heat  treatment  on  the  properties  of 
TOS9AiBaa» 

The  mechanical  properties  of  the  Plaster  of  Paris  apecinens  were  found  to  be 
very  soisitive  to  small  variations  in  the  processing  parameters,  such  as 
water:powder  ratio,  curing  time,  curing  taDpez*ature  and  ambient  tenqpexeiture 
and  hxmldity  during  curing.  In  addition,  the  mechanical  properties  of  the  cast 
specimens  were  found  to  be  affected  by  any  subsequent  heat  treatementa  (such 
as  those  that  could  be  used  to  accelerate  curing  etc),  and  testing  procedures 
(such  as  cycling  during  bending  tests).  In  order  to  quantify  the  above  effects 
and  thus  establish  the  optimum  processing  and  measuring  procedures  to  be  used 
to  ensure  reproducibility,  extensive  tests  were  ceunried  out  prior  to  any 
property  measur«iient.  The  main  results  obtained  are  summarised  in  this 
aijpendix. 

The  effect  of  curing  duration  at  room  temperature  and  40X-60X  relative 
himidity  on  the  Modulus  of  Rupture  in  3-point  bending  of  specimens  prepared 
with  a  75%  water/powder  ratio  is  shown  in  fig.Al.  It  can  be  seen  that  a 
miniimxn  of  7  days'  curing  is  required  to  ensure  that  the  MOR  reaches  a 
constant  value  and  thus  all  tests  were  carried  out  on  sx)ecimens  aged  for  a 
mininwmi  of  7  days. 

During  measurements  of  the  bending  strength  of  the  material,  it  was  found 
that  the  stiffness  and  hence  the  measured  Young's  modulus  increased 
significantly  after  cycling  between  loads  of  approx,  zero  to  approx.  70X  of 
fracture  load,  tdiile  the  MOR  measured  was  found  to  decrease  sharply.  This  was 
probably  due  to  the  high  stress  concentrations  existing  at  the  roller-sample 
positions.  The  Young's  modulus  was  found  to  reach  a  constant  (plateau)  value 
after  about  6  cycles  as  shown  in  fig. A. 2.,  which  agrees  with  that  obtadned  by 
unixial  compression.  The  MDR,  however,  was  found  to  decrease  monotonically 
with  cycling,  possibly  due  to  microcracking,  giving  erzxxieous  values  after 
cycling  as  shown  in  fig. A. 3. 
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Fig.Al.  Modulus  of  Rupture  in  3-^x}int  bending  as  a  function  of  curing 
tine  at  anbient  teiq}erature  and  hunidity. 
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The  Inf  lusnoe  of  eubeequoit  heat  treatatenta  on  the  meohanloal  properties  is 
shosn  In  figures  A. 4  to  A. 8.  It  oan  be  sem  that,  although  heating  at  SO«C  for 
prolonged  periods  does  not  substantially  affect  the  properties,  heat 
treataents  at  higher  tenqperatures,  even  for  short  periods,  have  a  very 
prtncwwl  iidv«»  .ffKjt  cn  th.  MS.  Yo^  m  moOuliM,  Kj^  ^  eovrewlv. 
strength,  due  to  the  ddiydratlon  of  the  gypsua  crystals.  The  effect  of  the 
watertpoMder  ratio  (62.5%  to  75%)  Is  also  shcMn  In  these  figures.  The  general 
effect  of  increasing  the  water  contcsit  of  the  inlxture  Is  to  decrease  the 
mechanical  a  d  elastic  properties,  p^sjoably  oje  to  the  larger  porosity 
content. 

Fron  these  results  as  well  as  other  g«ieral  observations  on  the  influence  of 
enviranaiKital  factors  on  the  properties  of  the  saterlal,  it  was  decided  to  use 
a  62.5%  water: powder  ratio  and  cure  the  specimens  firstly  In  the  mould  for  24 
hours  and  thm  for  a  minlimmi  of  7  days  In  the  laboratory  under  ambient 
tesperature  conditions  and  relative  husddlty  within  the  range  of  40-60%. 
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Fig. AS.  Modulus  of  Rupture  and  Young*8  sodulus  in  4-point  bending  aa  functions 
of  post-cure  heat  treatsents  at  50*C. 
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Fig.A7.  Uniaxial  coapressive  strength  of  as-cast  Plaster  of  Paris  as  a  fisiction 
of  water/powder  ratio  and  po6t-cui*e  heat  treataents. 


